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Foreword 


The  rapid  progress  made  in  radar  is  associated  with  the  considerable 
expension  chat  has  taken  place  in  its  field  of  application,  as  veil  as  vith 
the  uninterrupted  introduction  of  new  achievements  derived  freo  science  and 
engineering-  The  development  of  radar,  and  the  complexity  of  the  tasks  rad *r 
can  perform,  makes  it  necessary  to  modernize  the  means  used  to  realize  radar 
information,  and  for  the  control  of  equipment  and  troops- 

Officers  engaged  in  the  combat  operation  of  radio  frequency  installations 
and  in  the  training  of  personnel,  are  aware  of  the  lack  of  literature  taking 
a  practical  approach  to  their  problems,  literature  that  will  increase  their 
qualifications* 

The  purpose  of  this  Handbook  is  to  help  officers  to  complete,  and 
expand,  their  special  knowledge* 

The  first  eleven,  and  the  fourteenth  chapters  in  "the  Handbook  contain 
information  on  the  fundamentals  of  radar  and  on  the  installations  that  make 
up  radar  systems.  The  other  chapters,  discuss  the  installations  in  the  systems 
used  for  processing  information,  for  control,  and  for  contain ications.  The 
examples  cited  in  the  Handbook  are  hypothetical  in  nature,  and  are  presented 
for  purposes  of  illustration  only* 

Chapter  I  was  written  by  V.  Ye.  Tsylov,  chapters  II  and  VII  by  A*  M* 

Pe dak.  Chapter  II  and  the  second  part  of  Chapter  IV  by  Candidate  of  Technical 
Sciences,  Docent  F.  R.  Kholyavko,  the  first  'part  of  Chapter  IV  by  Candidate 
of  Technical  Sciences,  Docent  M.  2-  Chashnik,  Chapter  V  by  Candidate  of 
Technical  Sciences,  Docent  K*  S.  Labe t a  and  Ye.  S*  Batenin,  Chapter  VI  by 
Candidate  of  Technical  Sciences  I.  K_  Tregub,  Chapter  VI U  by  Candidate  of 
Technical  Sciences  F„  I.  Kuril  in.  Chapter  IX  by  Candidate  of  Technical 
Sciences,  Docent  A.  S.  M&gdesiyev,  Chapter  X  by  Candidate  of  Technical  Scien¬ 
ces,  Docent  M.  Rakovchuk,  Chapter  XI  by  P.  I*  Baklashov,  Chapter  XII  by 
Candidate  of  Teehnioal  Sciences,  Docent  V.  G.  Koryakov,  Chapter  >311  by. 
Candidate  of  Technical  Sciences,  Docent  L.  L.  Barvinskiy, .  Chapter  XIV  by 
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Letter  Designations 


1.  Designation  of  physical  magnitudes 
a  height  of  rectangular  waveguide;  value  of  measured  magnitude 
A  number  of  correctly  used  symbols 

b  vidth  of  rectangular  waveguide 

B  flux  density;  susceptance 

c  velocity  of  propagation  of  radio  waves;  velocity  of  light  in  a  vacuum 

C  capacity;  information  reception  rate;  capacity  of  a  communication 

channel;  dynamic  error  coefficient 

d  diameter;  distance 

d  spot  diameter 

s 

D  radar  range,  range  to  target;  dynamic  range;  scale  of  range  indicator 
scale;-  coupler  directivity 

Dfi  horizon  range  (refraction  taken  into  consideration) 

e  electron  charge;  instantaneous  value  of  electromotive  force  (eof) 

E  electric  field  strength;  constant  voltage 

E  .  -  real  sensitivity  of  receiver  to  voltage 

re c  mxn 

E  complex  amplitude  of  electric  field  strength 
f  high  frequency 

f .  limits  of  frequency  deflection  (deviation) 

d 

F  low  frequency 

Doppler  frequency 

F  pulse  repetition  frequency 

Fw  modulation  frequency 

■M 

F(c)  directivity  pattern 

g  real  conductivity;  antenna  gain 

G  directive  gain 

G((o)  spectral  density  of  noise  power 

h  Plank's  constant  (6-6  *  10  ^  joules/meter);  height;  altitude; 
transistor  parameter 

H  target  altitude;  magnetic  field  strength;  excess  of  signal  over  noise 
I  information  content;  current  strength 

continuous  anode  current;  pulse  anode  current 
Jbeam  ~  catbode  ray  tube  beam  current  density 

k  proportionality  coefficient;  gain  factor;  transmission  coefficient; 
JJolt*Bwnn' s  constant  (1.38744  •  10  joules/dcgree) 
traveling  wave  ratio 
K  .  standing  wave  ratio 

K^.  frequency  shift  (ing)  coefficient 

K  phase  shift  (ing)  coefficient 
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K(oi) 


£ 

L 

L 


s 


ID 


in . 


0 

M 


P 

n(t) 


turns 


rad 


P' 

rec  min 


fa 


cd 

Ptn 

<3 

<3(t> 
r,  B 
R. 


^load 

Reff 

Rnt 

R. 

R(t> 


transfer  function 

length 

inductance 

length  of  scanning  line  on  indicator  screen 

amplitude  modulation  factor;  test  number;  integer 

frequency  modulation  index 

linear  scanning  scale;  moment 

index  of  refract  ion  9  integer 

antenna  rpm 

pulse  transformer  transformation  ratio 
number  of  elements  rejected  in  time  t 

receiver  noise  figure;  number  of  molecules  (atoms)  for  the  energy 

level;  number  of  elements  in  a  system 

number  of  turns  in  a  winding 

number  of  pulses 

probability;  reflection  factor 

probability;  power 

total  power  input  to  antenna 

power  radiated  by  radar  set  (transmitter) 

pulse  power 

input  power 

power  radiated  by  antenna 

real  receiver  sensitivity 

limit  of  receiver  sensitivity 

false  alarm  probability 

probability  of  correct  detection 

transmitter  noise  power 

quality  factor;  duty;  report  number 

probability  of  failure 

radius;  resistance 

antenna  radiation  resistance 

DC  generator  resistance 

radius  of  the  earth 

load  resistance 

effective  radius  of  the  earth 

equivalent  noise  resistance  of  an  electron  tube 

internal  resistance  of  a  tube 

correlation  function 

tube  slope 

capture  area  of  antenna 

geometric  area  (aperture)  of  the  antenna 
area  of  core  section 
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£  (a/ 
s 

t 


delay 


*2 

U 

m 

V 

per 

U. 

in 

U. 


break 


s 

v 

r 

V 

p 

vCt  } 


v(x) 

X 

X 


Y 

Y 

e 

2. 


or 


3 

Y 


signal  spectral  density 
time 

recovery  tine 

discreteness  of  range  scale  markers 

signal  delay  time 

time  to  transmit  one  figure 

period;  absolute  temperature 

average  recovery  time 

charge  period 

pulse  recurrence  period 

modulation  period 

time  to  failure;  period  of  natural  oscillations 
instantaneous  Value  of  voltage 

voltage  across  the  second  anode  of  a  cathode  ray  tube 

voltage  amplitude 

permissible  voltage 

incident  wave  voltage 

breakdown  voltage 

rate  of  propagation  of  electromagnetic  waves 

scope  beam  sweep  speed 

radial  speed  of  target 

wave  phase  velocity 

probability  of  recovery  in  time  t 

volume 

communication  channel  capacity 
signal  volume 

instanteneous  value  of  energy 
probability  density  for  the  magnitude  x 
random  error  in  coordinate  measurement 

reactance;  true  value  of  measured  magnitude;  coordinate  (of  an 
index,  of  a  targec) 

complex  conductance;  coordinate  (of  an  index,  of  a  target) 

established  value  for  a  regulated  magnitude 

impedance 

circuit  decay  coefficient;  transistor  current  gain  factor; 
phase  change  coefficient  or  wave  number;  target  bearing;  weight 
factor 

azimuth;  wave  decay  coefficient  in  a  transmission  line;  current 
gain  factor  for  a  transistor 
propagation  factor  (y  *  0  +  jo) 
frequency  tuning  rate 
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6R 

fiH 

6V 

60 

6c 

A 

AB 

&F 

AX 

AB 

Ac 

C 

11 

\ 

X 

*crit 

■+ 
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o 

c 

n 

0 

a 

°tar 


pc 


CO 

Tr 


relative  instrument  error 

range  resolution 

height  resolution 

resolving  volume 

bearing  resolution 

elevation  resolution 

measurement  error 

increment  of  magnetic  induction 

receiver  pass  band 

deflection  of  X  coordinate 

radar  azimuth  search  sector 

radar  elevation  search  sector 

target  elevation;  dielectric  constant 

efficiency 

antenna  efficiency 

antenna  feeder  installation  efficiency 
wavelength;  element  failure  rate  (in  a  system) 
wavelength  in  pipe 

critical  (limiting)  wavelength  in  pipe 
permeability;  tube  gain 
signal-noise  ratio 

signal-noise  ratio  for  optimum  signal  processing 
classification  factor 

power  flow  density;  direction  finding  capability 
wave  (characteristic)  impedance 

mean  square  error;  mean  square  deviation  from  average  service 
life 

target  effective  echoing  area 
mean  square  error  in  range  measurement 
mean  square  error  in  azimuth  measurement 
circuit  time  constant;  pulse  duration 
pulse  length 

pulse  length  after  compression 
pulse  delay  time 
channel  occupancy  time 
signal  length 

duration  of  pulse  cut-off  (decay) 
duration  of  pulse  front 
phase  angle;  reflection  factor  phase 
coherent  oscillator  phase  angle 
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*10 
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$ 

♦ 

CD 


“b 


Ui 

c 


local  oscillator  phase  angle 

width  of  antenna  radiation  pattern  in  the  horizontal  plane  at 
the  0.5  power  level 
magnetic  flux 

angle  of  refraction;  dephaaing 
angular  frequency 
resonant  frequency 
carrier  frequency 
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A 

b 

in 

out 

9 

per 
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c 

eh 

co 

max 

min 

opt 
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st 

est 
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ph 

sh 
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eq 

eff 


Abbreviated  subscripts 
anode 
antenna 
base,  beat 

circuit  (elnaentj  input 

circuit  (element)  output 

generator 

permissible  value 

grid 

cathode 

channel 

collector 

maximum  value 

minimum  value 

optimum  value 

noise 

threshold  value 

signal 

average 

stable 

established 

specific 

feeder,  filter 

phase 

shunt 

scale 

emitter 

element 

equivalent 

effective 

amplitude 
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Chapter  I 

Radar  funaaner.tals 

1-1  Radar  and  Its  Forms 

Radar  is  that  field  of  radio  engineerin';  that  uses  reflections,  re¬ 
radiations  or  self-radiations  of  electromagnetic  waves,  to  detect  various 
targets  (objects),  as  well  os  to  measure  thoir  coordinates  and  movement  pa¬ 
rameters* 

A  radar  target  is  understood  to  mean  any  material  object  capable  of 
detection,  and  its  position  and  movement  parameters  measured  by  radar  methods. 

Radar  can  be  subdivided  into  active,  active  with  active  response,  semi- 
active,  and  passive. 

Active  radar  operation  means  the  irradiation  of  a  target  by  electro¬ 
magnetic  energy  radiated  by  a  radar  antenna,  and  the  reception  of  the  energy 
reflected  from  the  target. 

Active  radar  operation  v~!th  active  response  differs  from  the  previous 
definition  in  that  a  responder,  a  transceiver,  is  installed  on  the  target 
and  responds  to  signals  from  the  radar. 

Semi-active  radar  operation  differs  from  active  operation  in  that  the 
target  is  irradiated  by  a  single  radar  (a  radar  located  on  the  ground,  for 
example),  but  the  reception  and  detection  of  the  signals  reflected  from  the 
target  are  through  the  medium  of  another  object  (a  rocket,  for  example). 

Passive  radar  use  means  the  reception  of  energy  radiated  from  the  target. 

From  the  radio  engineering  poxnt  of  view,  the  problem  of  detecting  some 
particular  target  reduces  to  detecting  a  signal  radiated,  or  reradiated,,  from 
that  target  against  a  background  of  a  different  type,  of  noise. 

Any  target  irradiated  by  a  radar  becomes  a  source  of  secondary  radiation. 
The  power  of  the  secondary  radiation  depends  on  many  factors,  such  as  the 
field  strength  created  by  the  radar  near  the  target,  target  parameters  (di¬ 
mensions,  shapes,  and  electrical  properties),  the  position  of  the  target 
relative  to  the  radar,  polarization  of  the  primary  field,  and  wavelength. 

Passive  radio  detection  is  based  on  the  phenomenon  of  the  radiation  of 
electromagnetic  energy  by  any  physical  body,  the  temperature  of  which  is 
above  absolute  zero.  Since  all  targets  satisfy  this  condition,  they  can  be 
detected  without  preliminary  irradiation. 

Radar  is  based  on  the  properties  of  radio  waves  to  be  propagated  in  a 
homogeneous  medium  on  a  straight  line,  and  at  constant  velocity.  These 
properties  of  radio  waves  are  what  make  it  possible  establish  the  direction 
to  the  target,  as  well  as  the  length  of  the  path  over  which  they  are  propa¬ 
gated.  Radar  is  therefore  subdivided  into  radio  range  finding  and  radio 
direction  finding. 
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Radio  range  finding  is  tic  determination  c£  range  to  a  target  by 
measuring  the  length  of  the  path  over  which  rndia  waves  are  propagated  to 
the  target  and  return. 

Radio  direction  finding  is  the  determination  of  the  direction  to  the 
target,  that  is,  measuring  the  angular  coordinates  of  the  target. 


1.2  Radio  Range  Finding  Methods 

Determination  of  the  range  to  the  target  CD)  involves  the  measurement 
of  the  delay  in  the  reflected  signal  with  respect  to  the  main  pulse. 

The  main  pulse  (signal)  is  the  pulse  (signal)  of  high-powered,  high- 
frequency  electromagnetic  energy  formed  by  tl,c  transmitter  end  radiated  into 
space  by  the  antenna. 

The  instant  at  which  the  main  pulse  is  radiated  is  taken  as  the  origin 
of  the  reading  of  the  time  of  propagation  of  the  radio  wave. 

The  reflected  signal  (pulse)  is  the  signal  (pulse)  of  electromagnetic 
energy  reflected  from  the  target  and  received  by  the  receiver. 

The  interval  of  time  between  the  instant  the  main  pulse  is  radiated  and 
the  instant  the  reflected  signal  is  received  is  called  the  reflected  signal 
delay  time  (t  ) 

<3 

r  o  2D/c.  (1.1) 

a 

From  whence 


»  -  cV2’ 

where 


(1.2) 


E  is  -the  distance  between,  the  radar  and  the  target ; 

c  is  the  velocity  of  propagation  of  radio  waves. 

The  real  medium  is  not  strictly  homogeneous,  so  the  path  covered  by 
the  radio  waves  will  not  be  a  straight  line,  strictly  speaking,  nor  win  the 
rate  at  which  the  radio  waves  are  propagated  be  strictly  constant  over  the 
entire  propagation  path.  However,  the  relationships  .cited  are  correct  for 
the  real  medium  as  well  if  c  is  understood  to  be  the  average  value  for  the 

g 

rate  of  propagation  of  the  radio  waves  over  distance  D  (c^  3-10  meters/secocdJ  • 
(According  to  the  last  measurement,  the  speed  of  light  in  a  vacuum  is 
c  =  299792  ±  0,4  km/s^conc‘ ) . 

There  are  various  methods  of  radio  range  finding,  and  these  depend  on 
the  method  used  to  measure  the  time  interval,  t^,  such  as  pulse,,  frequency, 
phase,  and  frequency— pulse-  Radar  methods  differ  in  the  same  way. 
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1-3  The  Pulse  Merhod  in  Radar 

Let  us  consider  the  principle  upon  which  the  pulse  radar  functions  by 
using  the  block  schematic  shown  in  Figure  1-1-  the  electronic  range  finder 
transmitter  radiates  superhigh  frequency  oscillations  in  the  form  of  main 
pulses  that  repeat  periodically.  Reception  of  reflected  pulses  takes  place 
in  the  time  interval  between  main  pulses.  Pulses  received  are  fed  from  the 
receiver  output  to  the  indicator,  where  the  interval  of  time  between  the  be¬ 
ginning  of  the  radiation  of  the  main  pulse  and  the  beginning  of  reception  of 
the  reflected  signal  (l-l )  is  measured  and,  as  a  result,  the  distance  to  the 
reflecting  target  is  also  established. 
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Figure  1-1.  Block  schematic  of  a  pulse  radar. 

A  -  transmitter;  B  -  T-R  switch;  C  —  receiver; 
D  -  synchronizer;  £  -  indicator-  . 


Where  linear  sweep  is  used  in  the  indicator  the  relationship  between  the 
beam  deflection  ( l )  and  the  measured  range  (d)  can  be  established  through  the 
formula 

X  «  vtrf  «  ve  2D/c  -  SD,  (1-3) 

where 

is  the  constant  speed  of  the  sweep; 

S  >*  2v jc  is  the  linear  sweep  scale- 

Synchronization  between  the  pulse  transmitter  and  the  indicator,  that 
is,  the  instant  the  main  pulse  is  radiated  and  the  beginning  of  the  indicator 
sweep  must  coincide  precisely. 


1.4  Pulse  Compression  Methods  in  Radar 

Pulse  energy  must  be  increased  if  radar  range  is  to  be  increased 

v_  =  PT  ,  (1.4) 

P  P  P 

■where 

V  i-*  the  pulse  energy; 

P_  is  the  pulse  power; 

P 

Tp  is  the  pulse  length. 
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As  will  be  seen  from  the  formula  at  an  increase  in  pulse  length 

will  increase  the  pulse  energy.  Increase  in  the  pulse  length  degrades  the 
r.jdar  range  resolution,  but  if  special  modulation  of  the  radiated  pulses  is 
used  these  pulses  can  be  compressed  by  special  processing  in  the  receiver 
to  a  length  providing  the  specified  range  resolution. 

Intrapulse  linear  frequency  modulation  and  intrapulse  phase  shift  keying 
are  such  modulation  methods. 

The  pulse-frequency  method  in  radar 

Figure  1.2  is  a  simplified  block  schematic  of  a  radar  using  ir.trapcise 
linear  frequency  modulation. 


Figure  1.2.  Block  schematic  of  a  radar  using  intrapulse  linear 
frequency  modulation. 

A  -  transmitter;  B  -  synchronizer;  C  -  output;  D  - 
antenna  switch;  E  -  receiver;  F  -  compressing  filter; 
C  -  detector. 


The  transmitter  forms  long  length, 
inside  the  pulse  changes  in  accordance  with  a  linear  law 


Zpt  radar  pulses. 


The  frequency 


/-/»— at, 


(1.5) 


where 

a  is  the  rate  of  change  in  the  frequency. 

Figure  1.3  a  end  b  shows  the  shape  of  the  radar  pulse  and  the  law 
governing  the  change  in  the  frequency. 

Signals  reflected  from  the  target  are  picked  up  by  the  radar  receiver  and 
are  fed  into  a  special  compressing  filter.  The  compressing  filter  is  a  delay 
line,  the  delay  time  in  which  is  linearly,  dependent  on  the  frequency  (fig.  1.3c). 

In  this  filter  the  high  frequencies  in  a  pulse,  which  arrive  earlier, 
are  delayed  longer,  while  the  low  frequencies,  which  arrive  later,  are  de¬ 
layed  for  a  shorter  period  of  time.  The  result  is  that  all  the  frequency 
components  cf  the  pulse  are  displaced  in  time  to  the  end  of  the  pulse;  the 
pulse  is  compressed  in  time. 

The  degree  of  pulse  compression  is  wholly  dependent  on  the  limits  of 
the  change  in  the  frequencies  in  the  pulse  (the  deviations  in  frequency) 
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Figure  1.3. 


The  principle  involved  in  pulse  compression. 


a  -  shapes  of  radar  pulses  at  the  input  and  output  of  the 
c-uu pressing  filter;  b  -  lav  governing  the  change  in  the 
frequency  of  a  radar  pulse;  c  -  dependence  of  filter  delay 
time  on  the  frequency. 


A 

£ 


T  ;  B  —  input;  C 

w»-v 


c oppressing  filter;  D  -  output; 


Pulse  length  at  the  filter  output  equals 


V  ■  1/fd- 


The  pulse  compression  ratio  is 

k  =  Tj/7—  °  faT_. 


(1-6) 


pc  dp 


(1.7) 


Pulse  power  at  the  output  of  the  compressing  filter  increases  by  a 
factor  of  kt  or 


P 

P 


out 


kP 

P 


in" 


ci. a) 


For  example,  compressing  a  pulse  with  a  length  of  500  microseconds  by 

a  factor  of  100  requires  a  frequency  deviation  in  the  pulse  of  f^  =  200  KHz, 

and  a  rate  of  change  in  frequency  a  *  400  MHz/second.  But  if  pulse  power 

at  the  input  is  P_  .  =1  microvolt,  the  pulse  power  at  the  filter  output 

p  in 

will  be  P  =  100  microvolt, 

p  out 


Functional  schematic  of  a  compressing  filter. 

A  —  transmitting  piezo-ceramic  converter;  S  -  receiving 
piezo-ceramic  converter;  C  —  aluminum  strip;  D  -  band¬ 
pass  amplifier. 


Figure  1.4. 
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figure  1.5. 


Dependence  of  on  frequency  for  a  dispersion 
ultrasonic  delay  line- 


V 


B  —  f  ;  C  -  f 
oin  m 


An  optimum  filler.,  consisting  of  an  ultrasonic  dispersion  delay  line 
with  a  correcting  ‘bandpass  amplifier  across  the  output  (fig.  1-4},  for 
example,  can  be  used  for  the  conpressing  filter. 

The  ultrasonic  dispersion  delay  line  consists  of  two  piezo-ceramic  con¬ 
verters  electrical  oscillations  into  mechanical  oscillations  and  an 
aluminum  strip  (fig.  1.4) <  The  delay  tree  of  this  ultrasonic  delay  line 
with  respect  to  the  frequency  (fig-  1-5),  and  within  the  limits  of  the  fre¬ 
quency  from  f  .  to  f  changes  linearly  with  the  frequency- 
ain  max 


Ir.trapulse  phas.e  shift  keying  method  in  radar 
A  simplified  block  schematic  of  a  radar  with  intrapulse  phase  shift  keying 
is  shown  in  Figure  1.6.  The  transmitter  forms  the  main  pulses  with  constant 
frequency  and  long  duration  These,  pulses  can  be  split  into  equal  seg¬ 

ments,  code  intervals  tc-  Within  the  limits  of  each,  code  interval  is  the 
initial  phase  of  high-frequency  oscillations. 


Figure  1-6-  Block  schematic  of  a  radar  with  intrapulse  phase 
shift  keying. 


A  -  KF  oscillatory  B  -  strobe  amplifier  with  phase  "tt"; 

C  -  strobe  simplifier  with  phase  ”0”;  B  —  code  forming 
circuit;  £  -  synchroniser;  F  -  output  devices;  G  -  power 
amplifier;  H  -  antenna  switch;  I  -  receiver;  J  -  compressing 
filter;  K  -  matching  filter;  L  -  detector. 
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Tha  l«ngth  of  th#  code  internal,  t  ,  is  dexermiaed  6y  the  specified 
range  resolution,  and  the  code  interval  sequence  is  established  by  the  code 
selected. 

The  Barker  codes,  in  which  the  initial  phases  in  adjacent  code  inter¬ 
vals  equal  tt  or  0,  and  the  number  of  coda  Intervals  in  the  pulse  can  be 
3 )  4,  5,  7,  11 ,  etc.,  car,  he  used,  for  example. 

Figure  1.7  shows  a  simplified  schematic  of  the  optimum  processing  of 
phase  shift  keyed  pulses. 

Figure  1.8a  shows  a  signal  consisting  of  seven  code  intervale  (n  -  7)  • 

The  code  intervals  with  initial  phase  0  are  conventionally  designated  by 
the  sign  ’VI”  while  those  with  phase  tt  are  conventionally  designated  by  the 
sign  "-l.11 

The  signal  is  processed  in  a  device,  the  circuit  of  which  is  shown  in 

Figure  1.7*  in  order  to  compress  it.  This  device  is  connected  to  a  delay 

line  with  six  cells  (each  of  which  has  a  time  constant  r  )  and  seven  take- 

c 

offs.  All  the  take-offs  are  connected  to  a  sumaator  through  amplifiers 
with  identical  gain  factors.  Amplifiers  with  the  ’'a1'  sign  do  not  change  the 
signal  phase,  but  those  with  the  ”-aM  sign  change  the  phase  by  tt.  All  voltages 
are  summed  in  the  summator,  with  phases  taken  into  consideration.  The  os¬ 
cillation  s  are  fed  from  the  summator  output  into  an  optimum  (matching)  filter 


shift  keyed  pulses. 

A  -  delay  line;  B-T;C-a;D  -  summator;  E  -  matching 
filter  for  7^;  F  -  output. 

The  shape  of  the  voltage  after  the  ammaator  and  optimum  filter  is  shown 
in  figures  1.8b  and  1.8c. 

Table  1  lists  the  voltages  fed  from  tho  delay  line  take-offs  to  the 
summator,  using  the  accepted  designation*,  as  well  as  the  resultant  voltages- 
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Table  1*1 
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Key:  A  —  voltage  from  suaunator;  B  -  code  intervals;  C  —  summed 
voltage • 


Figure  1.3.  Conversion  of  a  phase  shift  keyed  pulse. 

Vhen  phase  shift  keying  is  used  the  amplitude  of  the  compressed  pulse 

2 

increases  by  a  factor  of  n,  while  the  power  increases  by  a  factor  of  a  . 
The  length  of  the  compressed  pulse  is  shorter  than  that  of  the  main  pulse 
by  a  factor  of  n. 

1.5  The  Frequency  Method  in  Radar 

The  principle  upon  which  the  frequency  radar  operates  is  as  follows* 
The  simplified  block  schematic  is  shown  in  Figure  1-9. 
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The  voltage  of  an  outgoing  frequency  nodulated  signal,  (fig*  1.10a.) 
is  fed  into  the  detector  from  the  high  frequency  generator.  Simultaneously 
the  receiving  antenna  supplies  the  reflected  signal  voltage  u0  (fig-  1.10b) 
to  the  detector  input.  If  the  distance  from  the  reflecting  target,  and  its 
effective  area,  remain  unchanged  vith  time  there  win  be  no  additional 
modulation  (amplitude  and  frequency)  of  the  oscillations  during  reflection. 
Given  these  conditions,  the  reflected  signal  differs  from  the  outgoing  signal 
only  in  amplitude*  The  magnitude  of  the  time  delay  in  the  reflected  signal 
can  be  established  through  the  formula  at  (l.l). 


Figure  1-9-  Block  schematic  of  a  frequency  radio  range  finder. 

-  transmitting  ant  anna;  -  receiving  antenna; 

3  -  audio  oscillator;  C  -  frequency  modulator;  D  - 
high-frequency  generator;  E  -  detector;  F  -  frequency 
meter;  G  -  intermediate-frequency  amplifier. 

Beats  occur  when  the  outgoing  and  reflected  signals  are  added  (fig. 
1,10c) .  The  resultant  signal  turns  out  to  be  both  frequency  and  amplitude 
modulated.  The  number  of  m^xinaims  in  the  envelope  of  the  resultant  os¬ 
cillation  in  unit  time  will  depend  on  the  reflected  signal  delay  time,  that 
is,  on  the  distance  from  the  reflecting  target. 

Now,  if  by  detecting  the  resultant  signal  the  envelops  is  divided 
(fig.  I.lOd)  and  after  the  necessary  amplification  is  fed  into  a  frequency 
meter,  its  readings  will  correspond  to  the  distance  being  measured.  The 
frequency  meter  can  be  calibrated  in  distance  units. 

The  beat  frequency  in  the  case  of  linear  frequency  modulation  equals 

F  a  a  •  2D/c,  (1*9) 

D 

where 

a  is  the  rate  of  change  in  the  frequency. 

In  tho  case  of  modulation  in  accordance  with  the  law  for  a  symmetrical 
triangular  curve  (fig.  l.llj 

Fb  ”  1*1*2 1  =  4f/a/C-D  (1-1Q) 

where 

f  is  the  frequency  deviation; 
d 

F  is  the  modulation  frequency. 
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Figure  1*10*  Voltage  curves  explaining  the  operation  of  the  frequency 
radio  range  finder* 

A.  -  input;  B  -  output. 


Fi jure  1.11*  Dependence  of  the  modulus  of  the  difference  in  the 

frequencies  of  the  outgoing  end  reflected  signals  on 
tamo  in  the  case  of  rodulation  in  accordance  vith  the 
law  for  a  symmetrical  triangular  curve* 


The  formula  at  Cl.lO)  is  correct  for  the  condition  1  f  -f_  [  >  F  . 

For  tii  a  caw  of  modulation  in  accordance  with  a  harmonic  law 

Fb  =  I  Vf2  I  =  i  fd  ain  V/2  S“  «M(t-V2)  |  ’  U-1L) 

where 

t  is  the  delav  time  for  the  reflected  signal, 
d 

As  win  be  seen  from  the  expression  at  (l-ll),  if  there  is  harmonic 
modulation  and  unchanged  distance*  the  beat  frequency  will  change  periodically* 
But  the  readings  on  the  frequency  meter  (given  adequate  inertia  in  the  meter) 
will  correspond  to  the  average  beat  frequency,  as  determined  through  the 
formula  at  (1.10). 

The  formula  at  (i»10)  is  approximate  for  cases  of  modulation  vith 
respect  to  a  symmetrical  triangular  curve  and  with  respect  to  the  harmonic 
lav,  and  yields  discrete  values  th-it  are  multiples  of  the  modulation  frequency* 
The  result  is  that  the  measured  distance  can  differ  from  the  true  distance  by 
a  magnitude  and  in  the  case  of  measurements  of  abort  distances  even  by 

as  such  as  2D^,  where 
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»0  »  c/4fd,  0.12) 

which  establishes  the  accuracy  of  the  frequency  method  of  radio  range 
finding. 

The  foregoing  is  correct  in  its  entirety  for  the  condition  that  the 
amplitude  of  the  outgoing  signal  does  not  change  with  time.  In  point  of  facx, 
because  of  the  resonant  properties  of  the  transmitting  and  receiving  antennas 
and  of  the  receiver  input  circuit,  the  frequency  modulation  is  accompanied 
by  amplitude  modulation  as  well.  This  causes  the  accuracy  of  'this  particular 
method  to  deteriorate. 

If  the  distance  between  the  range  finder  and  the  target  changes,  the 
law  for  the  change  in  the  frequency  of  the  reflected  signal  differs  from 
the  lav  for  the  change  in  the  frequency  of  the  outgoing  signal  because  of 
the  Doppler  effect. 

Nov  the  beat  frequency  equals 

Fb  "  lFd  ±fdI’  <1-13) 

where 

is  the  beat  frequency  resulting  from  the  delay  in  the  reflected 
a 

signal  and  established  through  the  formula  at  (1.9); 
is  the  Doppler  frequency. 

The  Doppler  frequency  is 

Fv  »  -  Zv/\,  <1-14) 

where 

f_  is  the  radio  range  f inker's  carrier  frequency; 

v  is  the  targets  radial  Telocity,  that  is,  the  rate  of  displacement 
of  the  target  in  the  direction  toward  the  radio  range  finder; 

\  is  the  wavelength. 

Range  to  the  target  and  the  speed  at  which  it  is  moving  can  he  measured 
separately  for  the  case  of  modulation  in  accordance  with  the  law  for  the 
symmetrical  triangular  curve  (fig.  1.12). 

If  Fd  > 

Fd  = 

fd  '  a^zl-JAB. 

Thus,  by  measuring  the  difference  between  F^  and  ^^9*  1-12),  ve 
can  find  the  distance  to  the  target,  os  veil  as  its  speed 

t>  =  cF  /2a,  (1.17) 

a 


(1.15) 

a.i6) 


vr  =  cF  <J/2f(_. 


(1.18) 
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Figure  1-12.  Influence  of  the  Doppler  effect  in  the  case  of 
modulation  in  accordance  with  the  la w  for  the 
symmetrical  triangular  curve- 


1.6  The  Phase  Method  in  Radar 

The  simplified  block  schematic  of  the  phase  radio  range  finder  is  shown 
in  Figure  1.13* 

Its  operating  principle  is  as  follow*.  Two  voltages,  one  free  the  scale 
frequency  generator. 


u 


1 


U  t 

ml  8 


<Po3’ 


ii.19) 


where 

is  the  scale  frequency; 

C3q  is  the  initial  phase, 
and  one  from  the  output  of  the  receiver. 


where 


I,m2»in£©3(t-t jj)  +  ^  ~  '•’re*"3’ 


(1.20) 


is  the  delay  in  the  phase  of  the  scale  oscillation  in  the  radio 
range  finder  circuits; 

a  _  is  the  lag  in  the  phase  of  the  scale  oscillation  occurring  during 
ref 

the  reflection  from  the  target; 

t,  is  the  reflected  signal  delay  time, 
d 

are  fed  into  the  phase  meter,  P. 


The  difference  in  the  phases  of  voltages 


and  u  equals 


°<LLrr  ’  “sta  -  °r  ♦  <?«** 


(1.21) 


The  difference  in  phase  in  the  range  finder  circuits,  as  veil  as  the 
lag,  during  reflection,  are  constant  and  can  be  computed,  or  determined, 
experimental  1  y .  Then,  measuring  the  difference'  in  the  phases  of  voltages  u^ 
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Figure  1.13.  Simplified  block  schematic  of  a  phase  radio  range  finder. 

A  -  scale  frequency  generator;  £  -  high-frequency  generator; 
C  -  phase  meter;  D  -  receiver;  E  -  target. 


*nd  «2, 


the  distance  to  the  target  can  be  established  as 


I>  =  c/2^  (ip^  -  <Pr  -  <?reP- 


(1.22) 


If  radio  range  finding  is  to  be  ensured  by  the  phase  method  there  must 
be  reliable  selection  of  the  signal  reflected  from  the  target,  the  distance 
to  which  oast  be  established. 

The  Doppler  effect  can  usually  be  used  to  make  the  selection.  Two  trans¬ 
mitters  ,  operating  on  frequencies  <x^  and  are  usually  used.  Found  at 
the  receiver  input  (fig.  1.14}  are  the  outgoing  signals  with  frequencies 
and  <&,»  as  v«n  as  the  signals  reflected  froca  the  target  with  frequencies 

and  where  *  °a^*2v ^/c  and  **  -/c  ^  the  Dappler  frequen¬ 

cies. 

From  the  output  of  the  receiver  the  voltage  is  fed  into  two  bandpass 

filters,  one  of  which  passes  the  band  of  frequencies  from  Q,  .  to  fl,  , 

,  «  -»  mr.  1  max 

•the  other  these  from  to  aax*  Frequencies  ^  and  u^>  should  be 

.selected  such  that  the  bands  indicated  do  not  overlap. 

If  and  cu»  differ  little  from  each  other,  and  ^  then 

B  »  L/2^“i_aa3  (1-23) 

where 

D  *  (a^— u^) -SD/c  is  the  difference  in  the  phases  of  voltages 
u^  and  received  by  the  receiver. 

As  wel  see,  the  distance  in  the  case  under  consideration  can  be  estab¬ 
lished  by  measuring  the  difference  in  the  phases  of  the  oscillations  of 
two  Doppler  frequencies. 

The  phase  range  finder  considered  has  no  range  resolution,  but  does 
have  target  speed  resolution.  This  latter  is  what  makes  target  selection 
with  respect  to  the  speed  at  which  it  is  noving  possible,  and,  as  a  result, 
provides  range  measurement  even  when  several  targets  are  in  the  "field  of 
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Figure  1.14.  Simplified  block  schematic  of  a  radio  range  finder 
using  rhe  Doppler  effect. 

A  -  phase  meter;  B  -  bandpass  filter  1;  C  -  bandpass 
filter  2;  D  -  high-frequency  generator;  E  -  receiver; 
F  -  target. 


vision”  of  the  radio  range  finder.  Narrow  band  filters  with  a  variable 
resonant  frequency  should  be  envisaged  in  this  case,  rather  than  bandpass 
filters  (fig.  1.14). 


1.7  The  Continuous  Radiation  with  Phase  Code  Shift  Keying  Method 

The  radar  transmitter  generates  continuous  oscillations  at  constant 
frequency.  The  initial  phase  of  these  oscillations  changes  in  accordance 
with,  a  predetermined  code. 

A  re  pet  ix  ion  period  for  the  radar,  T^,  corresponding  to  the  specified 
range  for  the  radar,  can  be  selected.  This  period  can  be  divided  up  into 
time  intervals  T  (fig*  1.15) » 

C 

The  interval  T  is  selected  on  the  basis  of  the  range  resolution  needed 
c 

for  the  radar.  Total  intervals  are 

N  -  T j/T_.  (1.24) 

The  phase  shift  keying  is  done  in  such  a  way  that  in  approximately  half 
of  the  intervals  the  phase  is  equal  to  tpQ,  and  in- the  remainder  of  the 
intervals  -the  phase  is  equal  to-  9g  +  1-  The  phase  alternation  is  selected 
in  accordance  with  a  predetermined  code  (fig.  1*15). 


t 


Figure  1.15.  Example  of  the  phase  code  shift  keying  of  a  continuous 
signal. 


iTiTTl/TT 
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The  phase  code  shift,  keyed  signal  is  radiated  into  space,  reflected  from 
the  target,  and  received  by  the  receiver,  bet  delayed  by  the  time  required 
to  propagate  the  electromagnetic  energy  to  the  target  and  back.  The  re¬ 
ceived  signal  is  fed  into  the  mixer  in  the  receiver,  as  is  an  identical  phase 
code  shift  keyed  reference  signal,  with  the  difference  that  this  latter 
signal  is  time  delayed  by  the  delay  line.  By  changing  the  delay  in  the  re¬ 
ference  signal  the  codes  are  made  to  coincide  in  time,  the  phase  shift 
keying  is  equalized,  and  a  narrow  band,  unmodulated  signal,  is  obtained. 

The  magnitude  of  the  delay  in  the  reference  signal  determines  the  range  to 
the  target.  There  are  many  advantages  to  this  method  as  compared  with  the 
pulse  method  (while  retaining  all  the  positive  aspects  of  the  latter): 

the  level  of  the  peak  power  is  equal  to  the  average  power,  so  -there  is 
no  need  to  impose  rigid  requirements  with  respect  to  the  electrical  strength 
of  waveguides  and  high  voltage  insulators; 

higher  noise  stability,  because  this  method  makes  it  possible  to  use 
narrow  band  filtering  and  is  very  sensitive  to  target  speed; 

three  target  coordinates  (range,  azimuth,  or  elevation,  and  radial 
velocity)  can  be  measured. 

1.8  The  Continuous  Radiation  with  Noise  Modulation  Method 

Noise  modulation  of  a  high-frequency  signal  can  be  used  to  determine 
the  range  in  the  case  of  continuous  radiation.  Modulation  can  be  amplitude 
or  phase.  Let  us  consider  the  operating  principle  of  the  radar  with  ampli¬ 
tude  noise  modulation  by  using  the  block  schematic  shown  in  Figure  1.16. 


6 


Figure  1.16.  Block  schematic  of  a  radar  with  noise  modulation. 

A  -  noise  generator;  3  -  delay  line;  C  -  modulator; 

D  -  correlator;  E  -  higb- frequency  generator;  F  - 
receiver;  G  -  transmitting  antenna;  H  -  receiving  an¬ 
tenna;  I  -  target;  J  -  u(t-Td>;  K  -  R(t— t^)  • 

The  generator  produces  the  noise  signal  u(t)  (fig.  1.17a).  The  oscilla¬ 
tions  produced  by  the  high-frequency  generator  are  amplitude  modulated  by 
this  signal*  The  reflected  signal  is  fed  into  the  receiver.  The  original 
noise  signal  is  separated  at  the  detector  output,  but  with  time  delay 
corresponding  to  the  range  to  the  target  (fig.  1.17b).  The  signal  is  fed 


RA-015-S8 


24 


from  the  detector  output  to  the  correl  at or-,  the  second  input  to  which 

is  fed  the  original  noise  signal  u(t)  delayed  in  the  delay  line  lay  tine  t 
(fig,  1.17c).  Trie  delay  time  in  tt>e  line  is  eariable. 

The  correlator  performs  an  operation  on  both  signals  of  the  fora 

Tob 

R(T-Td)  =  lAob  J“  u{t-Td)u(t-T)dt,  (1.25) 

o 

where 

T  .  is  time  of  observation* 

OB 

In  the  theory  of  random  processes  the  function  R ( T— T  . )  is  called  the 

d 

autocorrelation  function,  and  the  circuit  has  therefore  been  named  the  cor¬ 
relator-  Produced  at  the  correlator  is  a  voltage  proportional  to  the  value 
of  the  autocorrelation  function  of  the  noise  R(^t )  when  At  =  t— T^.  The  auto¬ 
correlation  function  of  the  noise  is  a  maximum  when  At  =  0. 

Consequently,  when  the  line  delay  time  equals  the  voltage  at  the 
autocorrelator  output  will  be  a  marina im  (fig.  1.17d).  If  the  entire  distance 
is  to  be  scanned  the  delay  in  the  line  should  change  from  fcero  to  a  maximum, 
for  this  will  correspond  to  the  distance  to  the  most  distant  target.  The 
principal  properties  of  a  radar  with  noise  modulation  are  the  following: 

the  noise  signal,  as  distinguished  from  a  periodically  regulated  signal, 
makes  it  possible  to  obtain  an  unambiguous  determination  of  the  distance  to 
the  target; 

the  use  of  noise  modulation,  particularly  in  the  case  of  phase  modulation 
increases  the  average  power  of  the  signal  as  compared  with  the  pulse  regime, 
just  as  in  radars  with  other  types  of  continuous  radiation; 

the  radar  does  not  have  high  pulse  power,  simplifying  the  design  of  the 
transmitter  and  the  antenna  feeder  path; 

the  noise  signal  in  the  radar,  particularly  in  the  case  of  amplitude 
modulation,  is  similar  to  the  internal  noises  found  in  receivers,  and  this 
can  make  possible  more  secret  operation  of  the  radar  because,  first  of  all, 
it  is  difficult  to  establish  the  very  fact  of  radar  operation,  and,  second, 
it  is  difficult  to  establish  the  radar* s  parameters. 

1-9  Detection  of  Radar  Signals 

Radar  detection  of  a  target  means  the  process  of  deciding  on  the  presence 
or  absence,  of  -n  target  in  a  particular  area  of  space  by  .receiving  and  pro¬ 
cessing  radar  signals. 

Signals  are  always  received  against  a  background  cf  noise.  The  prin¬ 
cipal  types  of  natural  noises  found  on  the  wavebands  used  in  radar  work  are 
thermal  and  cosmic  noises,  and  the  noises  that  develop  inside  the  receiver. 
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Figure  1-17*  The  explanation,  of  the  principle  of  operation  of  the 
correlator  in  &  radar  with  noise  modulation. 


Noise  causes  signal  distortion  and  errors  in  evaluating  the  situation. 

The  decision  as  to  the  presence*  or  absence*  of  a  target  is  made  in  the  light 
of  two  conflicting  conditions! 

there  is,  in  fact,  a  target; 
there  is,  in  fact,  no  target* 

These  conditions  are  unknowns  in  the  development  of  the  decision. 

There  are  two  types  of  decisions  relevant  to  each  of  these  conditions; 
"there  is  a  target"; 

"there  is  no  target," 

Four  situations  are  possible  during  detection.  Given  the  condition  that 
there  is,  in  fact,  a  target,  the  decision  that  there  "is  a  target"  is  correct 
detection,  and  the  decision  that  there  "is  no  target"  is  a  target  mss. 

Given  the  condition  that  there  is,  in  fact,  no  target,  the  decision 
that  there  "is  no  target"  is  correct  nondetection,  while  the  decision  that 
there  "is  a  target'1  is  a  false  alarm. 

Target  miss  and  false  alarm  are  errors  in  target  detection. 

Since,  in  the  general  case,  radar  signals  and  noise  are  random 
functions  of  time,  the  making  of  any  particular  decision  too  is  random  in 
nature. 

The  possibilities  that  these  situations  will  occur  is  taken  as  character¬ 
izing  the  probabilities  of  correct  and  mistaken  decisions, 
the  probability  of  correct  detection*  P  ; 
the  probability  of  correct  nondetection,  P^; 
the  target  miss  probability,  P  5 
the  probability  of  false  alarm,  P^. 

Correct  detection  and  target  miss  (when  a  target  is,  in  fact,  present) 
form  a  complete  group  of  incompatible  events,  so 
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P  .  ♦  P  .  =  1-  Cl. 26) 

cd  at 

1 n  precisely  the  same  way,  false  alarm  and  correct  nondetection  fora  a 
complete  group  of  ixicou pat ibl e  events  when  there  is  ac  target ,  and 


fa 


end 


1. 


(1-27) 


The  formulas  at  (l -26)  and  (1-27)  demonstrate  that  among  the  probabilities 
listed  there  are  only  two  magnitudes  that  are  independent-  Ordinarily,  the 
probability  of  correct  detection  and  the  probability  of  a  false  alarm  are  used 
as  X he  two  independent  probabilities  for  purposes  of  characterising  the 
detection  devices. 

The  device  used  to  process  radar  information  must  meet  contradictory 
requirements-  If  target  miss  is  to  be  avoided,  a  decision  as  to  its  presence 
must  be  made,  even  when  the  target  signal  is  badly  distorted  ty  interference 
and  it  is  impossible  to  confirm  with  confidence  the  certainty  that  there  is 
no  target.  The  false  alarm  probability  increases,  of  course-  On  the  other 
hand,  if  the  attempt  is  made  to  reduce  the  probability  of  a  false  alarm,  the 
decision  must  be  made  as  to  target  presence  only  when  there  is  a  clear  excess 
of  signal  over  noise.  The  probability  of  target  miss  is  now  increased* 

Ihis  therefore  leads  to  an  educated  compromise  between  the  contradictory 
requirements,  selecting  the  optimum  method  for  processing  the  information  - 
Certain  criteria,  in  accordance  with  which  we  can  compare  various  devices 
with  each  other,  must  be  used  in  order  to  judge  the  quality  with  which  the 
detection  devices  function.  The  optimum  detection  device  is  one  which  makes 
it  possible  to  obtain  the  best  (as  compared  with  others)  value  for  the  selected 
criterion,  all  other  conditions  being  equal. 

The  criterion  most  often  used  in  radar  is  tbe  Neyman-Pearson  criterion, 
in  accordance  with  which  the  optimum  detection  device  should  provide  the 
nwurimum  probability  of  correct  detection,  P^,  for  a  specified  value  for 
the  probability  of  false  alarm,  P^_ 

In  the  optimum  receiver  the  detection  of  radar  signals  results  from 
the  establishment  of  a  posteriori  (tha^  is,  after  the  fact)  probabilities 
of  there  being  various  types  of  information  (for  example,  information  that  a 
target  is,  or  is  not  present),  and  indications  as  to  the  quality  of  the 
decision  made  with  respect  to  the  information,  tbe  probability  of  which  is 
greater  than  that  of  any  others,  or  the  establishment  of  the  likelihood 
ratio  characterizing  the  likelihood  of  a  particular  hypothesis  with  respect 
to  the  information  transmitted. 

The  signal  at  the  receiver  input,  u(t),  i3  the  sum  of  the  random  pro¬ 
cesses,  given  the  condition  that  there  is,  in  fact,  a  target 

u(t)  =  u  (t)  ♦  u  Ct), 
s  n 


(1.28) 


RA-015-68 


27 


where 

usCt)  is  the  target  signal; 

u  (t)  is  the  noise, 
n 

If  there  is  no  target 


u<t)  ■  u  £t). 
r* 


Cl. 29) 


Like  any  random  process,  the  signal  u(t)  can  be  described  in  full  ty 

the  probability-density  function  for  the  signal  en  slope  v(u)  ano  phase  v(p). 

The  shape  of  the  probability  distribution  for  the  case  of  u(t)  * 

=  u  (t)  **  u  <t)  and  u(t)  =  u  (t)  is  shown  in  Figure  1.18. 
s  n  n 


Figure  l.l8.  Probability- density  functions  for  noise  and  signal - 
plus-noise  envelopes. 


Knowing  the  probability-density  function  w(u),  and  assigning  threshold 
values  for  uQ,  we  can  compute  the  probabilities  of  correct  and  mistaken 
decisions,  established  through  the  following  expressions 


P  .  *  P  w  (u)du. 
cd  J  s+n 


uo 


p  =  r  v  (u)du, 

end  -  n 


P  .  =  f  "  (u)du. 
mt  ^  s+n  ’ 


(1-30) 


(1.315 


ci-32) 


p 


fa 


0 


(1.333 


where 

v  (u)  is  the  probability-density  function  for  the  signal-plus-noise 

st-n 

snv«lape; 
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v^fu)  ia  -the  probabi2 iby-density  function  for  the  noise  envelope; 

1>q  ia  the  threshold  value  for  the  voltage  the  excess  in  which  is  used 
in  making  the  decision  that  a  target  is  present. 

The  likelihood  ratio  can  be  established  through  the  expression 


w  (u)/w  (u). 


(104) 


In  accordance  with  the  Neyman -Pearson  criterion  the  decision  that  a 
target  is  present  is  made  if  the  likelihood  ratio  exceeds  the  specified 


threshold  value  X 


that  is,  X  >  X 


th’ - •  "  '  “th' 

The  magnitude  of  Xth  is  selected  such  that  the  false-alarw  probability, 

P,a,  does  not  exceed  a  permissible  value,  Pf^  r-  In  reality,  the'target 
signal  used  in  existing  radars  operating  in  the  space  scan  regime  is  a  pulse 
train.  The  number  of  pulses  in  the  train  can  be  established  through  the 
formula 

Np  =  V90.5/6iV  (l*35) 

where 

^  is  the  width  of  the  power  pattern  at  the  half-power  level; 
n,  is  the  antenna  rotation  rate  (rpa). 

A 

There  are  serious  mathematical  difficulties  involved  in  computing  the 
probabilities  of  correct  detection  of  the  target  and  of  false  alarm.  However, 
in  the  case  of  weak  signals,  and  this  case  is  one  of  great  practical  interest, 
these  probabilities  can  be  established  through  the  following  formulas 


pcd= 


p 


fa 


(1.37) 


where 

is  the  probability  integral; 

t}  =  P is  the  signal/noise  power  ratio  at  the  output  of  the  linear 
section  of  the  receiver; 

X^h  is  the  threshold  value  for  the  likelihood  ratio; 

Np  is  the  number  of  target  pulses  processed. 

The  correct  detection  probability  for  a  specified  fals e-alarm  probability 
is  greater  the  greater  the  signal/noise  ratio  at  the  output  of  the  linear 
section  of  the  receiver,  and  the  larger  the  number- of  pulses  processed* 

Figure  1.19  ^ovg  the  dependencies  of  the  probability  of  correct  target 
detection,  P^J}  -or  a  specified  false-al&ra  probability,  on  the  magnitude 

of  the  signal/noise  ratio,  -\l,  and  the  number  of  pulses  processed,  N  .  The 
curves  for  these  dependencies  are  called  the  detection  curves  (the  receiver 
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performance  curves)  and  provide  a  visual  representation  of  the  observability 

of  radar  signals-  These  curves  can  be  used  to  find  the  threshold  value, 

V  ,  ,  at  ■which  specified  probabilities  P  and  P  will  be  ensured  for  optimum 
th  ca  la 

signal  processing 


where 


xh 


x<p  ,,  p,  yy* 

cd’  fa  •  p 


(1.38 


x(P  )  is  the  abscissa  of  a  poir.t  on  the  curve  corresponding 

cd  fa 

to  the  ssp&cified  probabilities  P^d  and  Pf^- 


4c 


Figure  1.19-  Detection  curve  in  the  case  of  a  weak  signal  of 
constant  amplitude 


P  ^  is  usually  given  from  0.5  to  0-9?  and  P^  from  10  ^  to  10 

The  receiver  detecting  the  signal  should  be  able  to  evaluate  the 

likelihood  ratio  X  =  v  (u)/v  (u).  The  greater  the  likelihood  ratio,  the 
s-*-n  n 

greater  the  probability  that  a  signal  is  present.  Computing  the  likelihood 
ratio  for  a  signal  with  completely  known  parameters,  one  can  conclude  that 
the  receiver  should  form  the  integral 

2  r* 

?=sr  j  “W'i'fO*  d.39) 

"a 

(where 

v  is  the  energy  of  the  noise,  computed  as  equal  to  its  spectral 
n 

density; 

u*  (t)  is  the  completely  known  signal; 

u(t)  is  the  signal  at  the  receiver  input; 

T  is  time  of  observation), 
o 

and  compare  it  with  some  level  (threshold).  At  the  same  time,  this  operation 
win,  with  equal  effect,  compute  the  likelihood,  ratio  and  compare  it  with 
the  threshold  value-  The  expression  at  (1.39)  is  called  the  correlation 
integral-  A  receiver  carrying  out  this  operation  with  the  incoming  signal 
is  an  optimum  receiver  and  has  the  structure  shown  in  Figure  1.20. 
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Figure  1-20-  Block  schematic  of  a  correlation  receiver. 

A  -  correlator  (multiplication  and  summing);  S  - 
threshold  device;  C  -  D  -  ■ 


The  correlator  is  a  device  used  to  multiply  the  input  signal  u(t) 
by  the  reference  signal  u  f(t),  the  latter  a  copy  of  the  signal  vith  the 
completely  Known  parameters,  u'Ct),  coinciding  in  time  with  the  incoming 
signal,  and  integrated  (summed)  in  time. 

The  computed  correlation  integral  is  compared  with  the  threshold,  in 
the  threshold  device,  and  if  -  the  integral  is  in  excess  of  the  threshold,  the 
decision  is  that  a  target  is  present. 

This  type  of  receiver  is  called  a  correlation  receiver* 

A  filter,  matched  with  the  signal  (or  an  optimum  filter),  as  well  as 
a  correlator,  can  &’«  used  to  process  signals  in  the  optimum  receiver.  The 


filter  is  said  to  be  optimum  when  its  frequency  curve, 
conjugate  spectrum  of  the  signal  s(oi) 


Kopt<<D)> 


is  a  complexly 


(l.4o) 


If  the  signal  spectrum  is 

S(«)=J(.)A'«).  U.4i> 

the  filter  curve  will  be 

d.42) 

where 

K  is  the  filter1  s  amplitude-f reviency  curve: 

opt 

o  (<u)  is  the  filter's  phase-frequency  curve; 
opt 

S(tp)  is  the  signal's  amplitude-frequency  spectrum:  ’r 
is  the  signal's  phase-frequency  spectrum; 

■Cq  is  the  time  delay  in  the  filter. 

As  will  be  seen  from  the  expression’  at  tl*42),  the  amplitude- frequency 
curve  for  the  optimum  filter,  («),  **  proportional  to  the  signal's 

amplitude-frequency  spectrum,  S(<u},  that  is,  the  shape  of  the  filter's  fre- 
queirry  curve  coincides  with  the  shape  of  the  signal's  frequency  spectrum. 

The  best  example  of  an  optimum  filter  will  pass  the  Spectral  components 
most  pronounced  in  the  signal  spectrum*  The  weak  components  in  the  signal 
spectrum  are  suppressed  by  the  filter*  The  components  of  the  noise  spectrum 
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uniformly  distributed  over  a  broad  band  of  frequencies  are  suppressed  along 
with  the  weak  components. 

The  phase-frequency  curve,  cp  for  the  optimum  filter  ie  proportional 

Opt 

to  the  phase- frequency  curve  for  the  signal,  q^Cuj),  with  reversed  sign,  or 

a  (to)  -  (co)  T  Ujt  .  (1-43) 

opt  s  o 

This  signifies  that  the  phase  displacements  of  the  spectral  components 
of  the  signal  are  compensated  for  by  the  filter,  and  that  there  is  a  period 
in  time  t^  (filter  delay)  when  all  the  spectral  components  are  in  phase  and 
add  arithmetically-  The  signal  voltage  peak  occurs  at  the  filter  output  at 
this  moment  in  time,  but  this  phenomenon  does  not  take  place  for  noise 
(fig-  1.21). 


Figure  1.21.  Superposition  of  the  maxima  for  the  harmonic 

components  of  the  useful  signal  at  the  output  of 
the  filter  in  the  case  of  an  optimum  phase- 
frequency  curve. 

The  optimum  filter  provides  the  best  signal/noise  ratio  at  the  filter 
output  when  compared  with  any  other  types  of  filters 

\*0  =  2v  ^/G,  (l  .44) 

where 

vs  is  signal  energy; 

G  is  the  spectral  density  of  the  noise. 

The  signal/noise  ratio  provided  by  the  optimum  filter  is  es-cablished 
by  the  rignal  energy  at  the  filter  input  and  the  spectral  density  of  the 
noise,  and  does  not  depend  on  the  shape  of  the  signal.  Signal  shape  only 
establishes  the  filter  structure. 

The  only  filters  that  can  be  used  to  process  signals  are  those  matched 
to  the  signals  in  passband  width. 

Figure  1.22  shows  the  dependence  of  v/V  on  the  product  AF-r  (v  is  the 

Q  P 

signal/noise  ratio  at  the  non-optimum  filter  output;  is  the  signal/noise 

ratio  at  the  optimum  filter  output:  t  is  the  pulse  length;  AF  is  the 

? 

filter  passband). 
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Figure  1.22.  Dependence  a£  the  signal/noise  ratio  an  the  product 

4Ft  . 

P 

As  will  be  seen  from  Figure  1.22,  there  is  on  optimum  value  for  the 
product,  (aFt  )  _  =  1.37,  for  which  .he  ratio  v/v  '  is  maximum,  or,  putting 

p  opt  O 

it  Another  way,  there  is  an  optimum  passband 

AF,  =  1.37/t  ,  (1.45) 

opt  p 

at  which  v/ =  0-825- 

The  loss  in  the  signal/noise  ratio  in  this  filter,  as  compared  with 
that  taking  place  in  the  optimum  filter,  is  only  17%,  or  degraded  by  a 
factor  of  1.2.  The  optimum  filter  provides  a  single  pnlse,  as  well  as  pulse 
trains,  for  processing.  The  engineering  of  the  filter  for  a  single  pulse  is 
simplc-r  than  is  the  case  for  the  filter  that  handles  pulse  trains. 

The  solution  to  the  detection  problem  during  optimum  processing  of  pulse 
trains  reduces  to  the  following  operations: 

optimum  filtration  of  each  pulse  in  the  train; 

amplitude  detection; 

synchronous  integration  of  video  signals; 

testing  of  the  summed  signal  at  the  threshold. 

The  first  two  operations  arc  usually  performed  in  the  receiver,  the 
others  by  the  radar's  output  devices.  The  synchronous  integration  operation 
is  carried  out  by  a  device  for  summing  the  signals  corresponding  to  the 
same  range  in  the  different  repetition  periods-  Needed  for  carrying  out 
this  operation  is  a  device  that  can  remember  the  signals  for  the  repetition 
period  (a  delay  line,  for  example).  The  block  schematic  of  a  synchronous 
integrator  for  four  pulses  in  a  square  pulse  train,  as  veil  as  the  curves 
explaining  the  synchronous  integration  process,  are  shown  in  Figure  1.23* 

The  use  of  optimum  signal  processing  reduces,  in  sum.  to  reducing 
threshold  power.  By  threshold  power  of  radar  signals  is  understood  to 

mean  the  minimum  signal  power  at  the  receiver  input  which  provides  specified 
probabilities  of  correct  target  detection  and  false  alarm. 
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The  magnitude  of  threshold  power  depends  on  the  specified  values  for 
the  probabilities  of  correct  target  detection  and  false  alarm,  the  radar 
signal  parameters,  time  of  observation ,  and  the  type  of  processing  given 
the  radar  signals. 

For  the  case  of  optimum  filtering  of  single  high-frequency  square  pulses 


where 


P_  =  V  -NkT  A 
th  th  0  p 


(1.46) 


-V  is  the  receiver  noise  figures; 

—23 

1c  is  the  Boltzmann's  constant,  k  -  1.37*10  joules/degree; 

Tq  is  the  Kelvin  temperature,  TQ  -  300° K; 

is  the  signal/noise  ratio,  established  using  the  detection  curve 

(fig.  1-19)  and  the  specified  probabilities  for  P  .  and  P_  - 

ca  la 

Threshold  power  must  be  stepped  up  vhen  filtering  is  non-optimum  so 
the  same  probabilities  of  correct  detection  and  false  alarm  exist  as 
pertain  when  using  optimum  filtering. 

The  signal/noise  ratio  for  non-optimum  filtering  is  lower  than  it  is 
for  optimum  filtering  by  a  factor  of  W^/v,  in  which  =  2w ^/G  is  the 
signal/noise  ratio  at  the  output  of  the  optimum  filter,  acid  v  is  the  signal/ 
noise  ratio  at  the  output  of  the  linear  section  of  the  receiver  in  the  case 
of  non-optimum  filtering. 

Consequently,  the  threshold  power  in  the  case  of  non-optimum  filtering 
is  equal  to 


P'rh  =  Vv*wth'KfcV'Tp 


*  NkT  /t  =  v  P  . 
c  Cr  p  c  n 


(1.47) 


The  factor  is  called  the  classification  factor  and  signifies  the 
factor  by  which  the  power  of  minimum  received  signals  must  exceed  the  power 
of  the  receiver's  internal  noises  in  order  to  have  the  signals  from  the  target 
detected  with  specified  probabilities  of  correct  detection  and  false  alarm- 
For  example,  a  receiver  with  optimum  passbazid  will  have  a  ratio 

VV  “  1*2  «“*  VC  *  1,2vxh* 

The  threshold  power  is  the  real  sensitivity  of  the  receiver,  P  .  - 

J  '  rec  ram 

Therefore,  taking  l/r  =  AF,  we  can  write  the  formula  at  (1.47)  in  the 
form 


P  v  P* 

rec  ain  c  rec  min7 


where 


P*  -  NkT-AF  bP  is  the  limit  of  sensitivity  for  the  receiver, 

rec  min  On 
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Figure  1.2J.  Optimum  processing  of  signals. 

X  —  optimum  filter  for  single  pulse;  B  -  amplitude  detector; 
C  -  synchronous  integrator;  D  -  delay  lines. 

1.10  Radar  Range 

Target  detection  is  an  operation  that  must  separate  signals  reflected 
from  the  target  from  the  background  of  receiver  internal  noise  and  fluctuating 
noise.  The  special  feature  of  this  operation  is  the  statistical  nature  of 
its  results,  occasioned  by  the  random  nature  of  the  change  in  the  noise 
voltage  and  the  fluctuations  in  tho  magnitude  of  the  effective  cross  section. 
Separation  Of  the  useful  signal  can  be  accomplished  with  a  definite  degree 
of  authenticity  and  which,  a  dove  all  else,  can  be  characterised  by  the  target 
detection  probability. 
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In  establishing  the  radar  range  we  oust  take  into  consideration  the 
probable  nature  of  the  detection  of  target  signals  against  a  background  of 
noise. 

With  this  as  a  point  of  departure,  we  will  call  the  maximum  radar  range 
that  limiting  distance  to  a  target  at  which  detection  of  target  signals 
against  a  background  of  noise  will  be  ensured  with  a  specified  probability. 

In  free  space,  and  given  the  condition  that  maximum  radiation  from  the 
radar  antenna  is  aimed  at  the  target  and  that  atmospheric  absorption  of  radio 
waves  is  not  taken  into  consideration,  maximum  radar  range  (Dway)  can  be 
established  through  the  equation 


D 

max 


G  S  m 
trans  max  a  t 


.  V 

rec  nan  c 


(1.48) 


where 

P  is  the  power  radiated  by  the  transmitter; 

trans 

P1  .is  the  limiting  sensitivity  of  the  receiver; 

rec  min 

C  is  the  maximum  antenna  directivity; 
max 

5,  is  the  Capture  area  of  the  antenna; 

A 

cr^  is  the  effective  cross  section; 
is  the  classification  factor. 

Example.  Determine  the  range  at  which  a  radar  will  detect  an  aircraft 

2 

with  an  effective  cross  section  a  -  5u  with  a  probability  of  correct 

t  _g 

detection  of  P  .  «  0.9  and  a  false-alarm  probability  of  P-  =  10-  -  Radar 

cd  -12  f*  2 
characteristics  are  P_  «  845  kw;  P  =  20  watt;  S.  =  30/n  n  ;  G  = 
trans  n  A 

=  12.000:  \  =  10  cn;  F  =  450  hertz:  T  -  2  microseconds;  n.  =  6  rpm; 

P  P  A 

O0>5  ■“  2»;  and  <JF  =  1.37 /t  . 

Solution.  1.  Number  of  pulses  in  the  train 


N  »  F  o.  _/6n,  “  450-2/6-6  ■  25  pulses 
p  p  O.y  A 


2.  V«  find  that  S>  TfiT  , 

_5h  1  p 

P  ,  =  C.9  and  P.  s  10  ,  so 

cd  fa 


8  from  the  curves  in  Figure  1.19  for  given 


th 


8/fF  -  8/5  =  1.6. 


3*  Since  filtering  is  not  optimum,  but  separation  of  the  signal  is  by 
a  receiver  with  a  passband  of  from  the  curve  in  Figure  1.22  v^/v  ^  1.2 

and  the  classification  factor  is 


vc  =  =  1.2  *  1.6  «  1.9. 


4-  The  maximum  range  at  which  the  target  can  be  detected  is 
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D 

max 


'4, 


l3  C  S.a 

trans  max  a  t 

16n“P'  „  .  » 

rcc  mm  t 


SJ.5-103-l-2-lOi‘ 
2  —1 2. 
I6tt  ttIO  • 


-30-5 

1-9 


2 


lC^meters  »  200  km. 


1-11  Radio  direction  Finding  Methods 

The  task  of  radio  direction  finding  reduces  to  establishing  tne  direction 
iron  which  radio  waves  radiated,  or  reradiated,  by  the  target,  are  arriving. 

In  other  words,  the  task  is  to  establish  the  azimuth,  or  elevation,  of  the 
target  (the  target  bearing). 

Target  bearing  (<*)  is  understood  to  mean  the  angle  between  a  base  line 
and  the  dircetion  to  the  target.  The  base  line  most  often  used  is: 

in  the  horizontal  plane  -  the  north  point  (sometimes  the  south); 
in  the  vertical  plane  -  the  plane  of  the  horizon. 

Kadio  direction  finding  can  use  the  following  methods:  amplitude  methods; 
phase  methods;  and  ampl itude-phase  methods. 

Amplitude  methods  of  radio  direction  finding 
The  amplitude  methods  of  radio  direction  finding  are  based  on  the  use 
of  the  directional  properties  of  antennas  (fig.  1.24). 


Figure  1.24.  Direction  finding  by  the  maximum  method. 

A  -  direction  of  toe  maximum;  3  —  direction  to  the  target. 

When  a  movable  pencil-beam  antenna  is  used  the  amplitude  of  the  signal 
reflected  from  the  target  at  the  receiver  output  (fig.  1.25)  depends  on  the 
direction  of  the  reception  pattern  with  respect  to  the  target  (the  target 
hearing).  If  the  antenna  reception  pattern  has  its  mar: mum  directed  at  the 
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target  The  amplitude  of  the  reflected  signal  will  be  maximum  at  the  receiver 
ourput,  and  in  all  other  cases  the  signal  amplitude  will  be  less  than  the 
maximum,  and  even  equal  to  zero  when  the  reception  pattern  is  turned  away 
from  the  target. 

The  dependence  of  the  voltage  across  the  receiver  output  on  the  target 
bearing  is  called  the  direction  finding  characteristic  f(o0. 

When  the  directional  properties  of  the  transmitting  antenna,  f^CoO,  and 
of  the  receiving  ar-vcnm,  are  uscd  for  direction  finding,  the  direction 

finding  characteristic  is 

/(*)  =/* 1  («)/«  GO.  (1 .49) 

where 

f.(&)  is  the  antenna  directivity  pattern. 

If  a  radar  >^s  one  antenna  used  for  transmitting,  as  well  as  receiving, 
the  direction  finding  characteristic  is 

/GO -/I  to-  (1.50) 

The  amplitude  methods  used  for  direction  finding  are  xhe  maxi im in  method, 
the  minimus  method,  the  oqui signal  sector  method,  and  the  comparison  method. 

The  maximum-signal  method.  In  this  method  one  establishes  the  direction 
to  the  target  by  the  direction  of  the  maximum  for  the  direction  finding 
response  curve  (fig.  1.24). 


Figure  1-25-  Signal  at  the  receiver  output  when  the  maximum- signal 
method  is  used  for  direction  finding  (the  direction 
finding  response  curve) - 

A  -  target. 

When  the  amplitude  of  the  signal  from  the  target  at  the  receiver  output 
is  a  maximum,  it  is  taken  that  the  maxi  mum  for  the  direction  finding  response 
curve  coincides  with  the  direction  to  the  target,  and  is  considered  to  be 
the  Target  bearing. 

Let  the  radar  antenna  be  rotating  in  the  horizontal  plane.  A  signal 
from  a  target,  appearing  on  the  screen  of  an  amplitude  indicator,  will 
change  its  amplitude  continuously  Cfig.  1.25) • 
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Wh«r.  the  signal  reaches  its  maximum  the  operator  (or  the  automatic  device) 
reads  the  value  of  the  target  azimuth  off  the  azimuth  instrument  indicating 
the  angular  position  of  the  antenna,. 


Figure  1.26.  vi*v  of  the  screen  of  a  circular  scan  indicator 
when  finding  the  direction  to  a  target  by  using 
the  maximum- signal  method. 

A  -  target  pip;  S  —  range. 

If  a  circular  scanning  scope  is  used  the  range  scanning  line  of  the 
scope  will  rotate  in  synchronism  with  the  antenna.  The  target  azimuth  can 
be  established  by  the  angular  position,  of  the  pip  on  the  screen  of  the  scope 
(fig.  1.26). 

A  scope  with  a  rang c-azimuth  (fig.  1.27)  is  usually  used  with  sector 
scan  radars.  The  scanning  line  on  the  scope  in  this  case  moves  along  the 
axis  of  the  azimuth  in  synchronism  with  the  beam  switching. 

A 

•ymrtmtG 


Figure  1*27*  Screen  of  a  range-azimuth  scope. 

A  -  pip;  B  -  ot;  C  -  Et. 

Targes  azimuth  is  established  from  the  position  of  the  bright  marker 
on  the  indicator  screen  relative  to  the  aero  azimuth  line. 

The  principal  advantages  of  the  maximum— signal  method  are  the  simplicity 
with  which  bearing  finding  can  be  accomplished,  and  the  possibility  of  taking 
bearings  under  the  most  favorable  of  signal/noise  ratio  conditions.  The 
shortcoming  in  this  particular  method  is  the  relatively  low  degree  of  accuracy, 
in  taking  bearings. 
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The  bearing  error  is 


Y- 


l/'COJi 


Cl. 51? 


where 


Uq-U/Uq  is  the  relative  error  in  establishing  the  maximum  for  the 


target  signal; 

Uq  is  the  true  value  of  the  signal  maximum; 

U  is  the  measured  signal  value; 

X"  CO)  is  the  second  derivative  of  f(a)  when  q>  =  0; 

f(or)  is  the  direction  finding  response  curve; 

or  is  the  angle  between,  the  cardinal  direction  and  the  direction 

to  the  target  ( target  bearing). 

Vhen  the  signal  classification  is  good  the  mean  square  value  of  the 
relative  erros  is  a  ^  0.05  to  0.15,  and  the  mean  square  OJ*ror  in  the  bearing 
is  equal  to 

".-(0.15-^0,25)*,,* 


where 

0Q  ^  is  the  width  of  the  direction  finding  response  curve  at  the  0.5 
power  level. 

The  minimum- signal  method.  The  g*inimuia-signal  method,  as  applied  to 
direction  finding,  means  reading  the  bearing  at  the  moment  in  time  when 
■the  direction  of  the  min: roam  for  the  direction  finding  response  curve  co¬ 
incides  with  the  direction  to  the  target  (fig.  1.23;.  A  direction  finding 
response  curve  with  a  sharply  defined  minimum  can  be  obtained  by  cutting  in 
two  antennas  that  are  opposite  in  phaxe- 


Figure  1.28.  Direction  finding  by  the  fviu iir.um- si <r 'mJ.  method. 

A  -  direction  of  the  minimum;  B  -  direction  to  the  target. 


The  principal  advantage  of  the  minimum-si  gn*J  net  lewd  is  much  more 
accurate  direction  finding  as  compared  with  the  maxiri-jm-signal  method  because 
the  steepness  Of  the  direction  finding  response  cu rv*  in  the  region  cf  the. 
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minimum  signal  i s  much  more  pronounced  than  in  the  region  of  tbe  maximum 
signal. 

This  method  is  widely  used  in  navigation  because  comparatively  simple 
equipment  can  be  used  for  direction  finding ,  while  providing  acceptable 
accuracy. 

The  mean  square  error  in  the  bearing  in  this  case  is 

..-V— 

TjVt 0)  (l.5i«) 

a 

where 

K.  is  the  proportionality  factor  (X  =  0.2  to  0.5); 

L'  is  the  mean  square  value  of  the  noise  voltage; 
n 

f 1  (0)  is  the  first  derivative  of  the  direction  finding  response  curve 
at  zero; 

Uq  is  the  voltage  across  the  receiver  input  when  the  direction  of  tbe 
maximum  in  the  reception  pattern  coincides  with  the  direction  to 
the  target-  / 

The  egui signal  zone  method .  Realization  of  this  method  requires  the 
availability  of  two  reception  patterns  positioned  in  space  as  shown  in 
Figure  1.29- 

When  tbe  equisignal  zone  method  is  used  for  direction  finding  the  bearing 
is  read  at  that  mcr-ent  in  time  when  the  equisignal  direction  coincides  with  the 
direct  ion  to  the  target;  that  ist  when  the  amplitudes  of  the  signals  from 
the  target  corresponding  to  each  of  the  reception  patterns  are  equal*  In 
the  simplest  of  cas*  s  direction  finding  by  the  equisignal  method  can  be 
carried  out  as  follows- 

Let  the  antenna  array  consist  of  two  identical  antennas  with  the 
directions  of  their  maxima  in  the  reception  patterns  spaced  at  some  ancle 
2q>0  (fig-  1-29).  The  signals  reflected  from  the  target  are  either  received 
in  turn  by  the  antennas  if  there  is  but  one  receiver  (one  channel)  in  use, 
or  by  each  of  the  antennas  independently  if  there  are  two  receiving  channels. 

The  operator,  rotating  the  antenna  array  in  the  plane  of  direction 
finding,  attempts  to  arrive  at  that  position  in  which  tbe  signals  picked 
up  by  each  of  the  antennas  will  be  equal  to  each  other.  It  is  at  this  moment 
in  time  that  the  operator  reads  the  bearing  to  the  target  off  the  instrument 
used  to  indicate  the  angular  position  of  the  antenna  array. 

The  equisignal  direction  can  be  formed  in  one  of  several  ways;  the 
two  antenna  method  (in  the  manner  pointed  out  above)*,  tbe  three  antenna 
method;  the  dephasing  method;  and  the  defocusing  method* 

The  conical  scan  method  is  the  one  most  often  used  in  sing  1  e-chann el 
systems  to  obtain  the  equisignal  direction.  What  is  involved  in  this  method 
is  the  shifting  of  the  antenna  exciter  out  of  tbe  focus  of  tbe  parabolic 
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Figure  1.29.  Bearing  finding  by  the  equisignal  zone  method. 
k  -  eguisignal  direction. 


mirror  o£  the  antenna  and  rotating  it  around  the  foxal  axis  of  the  mirror, 
thus  causing  the  reception  pattern  to  describe  the  figure  of  a  cone  in 
space,  occupying  the  right,  upper,  left,  and  lower  positions,  successively. 

The  right  and  left  positions  are  used  to  establish  target  azimuth,  while 
the  upper  and  lower  positions  are  used  to  establish  the  elevation. 

The  principal  advantages  of  the  equi signal  method  of  direction  finding 
are  greater  accuracy  than  is  the  case  when  the  maxi mum-signal  method  is 
used,  and  the  capacity  to  establish  the  side  to  which  the  target  is  displaced 
from  the  equi signal  direction,  thus  providing  for  automatic  tracking  in 
direction. 

The  accuracy  of  the  equi signal  method  can  be  established  by  the  accuracy 
in  establishing  the  moment  in  time  when  the  amplitudes  of  the  signals  cor¬ 
responding  to  the  two  intersecting  direction  finding  response  curves  are 
equal  to  each  other. 

The  direction  finding  error  in  this  case  can  be  established  through 
the  formula 


m  is  the  amplitude  modulation  factor,  the  result  of  the  displacement 
of  the  direction  finding  response  curves 


U.  and  U2  are  the  target  signal  voltages  for  the  first  and  second 
direction  finding  response  curves; 

is  the  target  signal  voltage  in  the  equisignal  direction  (see 
fig.  1.29); 
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f,(V 


t(a>~ 


has  cose  to  be  called  the  direction  finding  capability 


(sensitivity)  J 
The  mean  square  error  in  the  bearing  is 


c  =  a  /H  rad. 

o'  D 

When  signal  classif ication  is  good*  a  *  0.02* 

n 

As  will  be  seen  from  the  formula  at  (1.52),  The  accuracy  will  bf*  greater 

the  steeper  The  direction  finding  response  curve  in  the  equisignel  direction. 

And  the  steepness  of  the  direction  finding  response  curve  in  the  equisignal 

direction  will  be  greater  the  larger  the  angle  ctqi  by  which  the  reception 

pattern  is  displaced  from  the  e^uisignal  direction. 

Angle  cannot  be  increased  very  much  because*  if  it  is  there  will  be 

a  severe  reduction  in  the  magnitude  '^1  the  reflected  signal  in  the  equisignal 

direction.  There  is  an  optimum  angle  of  displacement,  or- _ >  at  which  the 

v  opt 

Necessary  signal  magnitude  and  minimum  bearing  error  can  be  ensured. 

When  receiving  and  transmitting  antennas  arc  used 


I 


0  opt 


0.856, 


'0.5* 


(1.53) 


As  a  practical  patter,  2a^  will  be  somewhat  smaller.  Ordinarily 
4j-0  «  0.6*5^  because  detection  range  is  reduced  for  optimum 

The  3ignal-comparison  ret  hod.  The  direction  to  the  target  when  the 
signal-comparison  method  is  used  for  direction  finding  can  be  judged  by  the 
magnitude  of  the  relationship  between  the  amplitudes  of  two  incoming  signals 
corresponding  to  two  intersecting  direction  finding  response  curves  (fig. 
1.30). 


Figure  1.30.  Direction  finding  by  the  signal-comparison  method. 
A  -  direction  to  the  target. 


Let  the  direction  finding  response  curves  be  identical,  and  let  the 
angle  between  the  direction  to  the  target  and  the  equiaignal  direction  be 
equal  to  q..  Then 


U-.  —  VJ  fo  — »). 

4/j  =  UJ  (i,  4-  s). . 


(1.54) 
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And 

Vi  _  /( Co— a)  (1.55) 

^  /(«•+«)* 

By  measuring  this  relationship  we  can  establish  the  target  bearing  for 
know  direction  finding  response  curves*  This  method  can  be  used  with  a 
single  channel,  as  well  as  with  a  multichannel  set.  If  the  multichannel 
variant  is  used  this  method  makes  it  possible  to  do  what  is,  in  principle, 
monopulse  direction  finding. 

A  characteristic  feature  of  the  signal-comparison  method  is  that 
direction  finding  can  be  done  with  fixed  direction  finding  response  curves. 

The  advantage  of  the  single  channel  arrangement  for  making  the  comparison 
is  the  simplicity  of  the  equipment  used. 

The  principal  shortcoming  of  the  single  channel  arrangement  is  the 
presence  of  additional  direction  finding  errors,  because  a  change  in  the 
target  signal  intensity  during  the  switching  period  will  yield  a  false  mis¬ 
match  voltage.  Noise,  the  amplitude  of  which  changes  with  switching  frequency, 
can  completely  upset  system  operation. 

The  multichannel  (mo  no  pulse)  arrangement  for  making  the  comparison 
lacks  these  shortcomings.  Any  change  in  the  strength  of  the  incoming  signal 
is  reflected  in  equal  measure  on  both  of  the  signals  being  compared  and 
does  not  show  up  in  system  operation.  Therefore,  so  far  as  oonopulse  direction 
finders  are  concerned,  there  is  no  way  that  an  effective  angular  noise  from 
the  sane  point  in  space  as  that  occupied  by  the  target  proper  can  be  created. 

In  principle,  the  multichannel  (oonopulse)  arrangement  can  take  bearings  on 
several  targets  individually,  something  chat  is  impossible  in  single  channel 
systems. 

Direction  finding  using  phase  methods 

Phase  methods  of  radio  direction  finding  establish  the  target  bearing 
by  the  difference  in.  the  phases  of  tbe  voltages  across  two  receiving  an¬ 
tennas',  A  and  B  (fig.  1.31),  separated  in  space.  The  base  between  the  an¬ 
tenna s  is  equal  to  a. 

The  difference  ir.  the  phases  of  the  incoming  oscillations  equals 


Cp  =  2tt/X  <D  -D  )  =  AD, 

■where 


AD  »  D^-D^  is  the 
is  the 
is  the 
is  the 
Since,  ordinarily. 


propagation  difference; 
distance  between  points  A  and  T, 
distance  between  points  3  and  T; 
radar  wavelength. 

>  d,  and  >  d,  then 


(1-56) 


AD  -  d  sin 
cp  *  2tt/a  d  sin  <** 


( i *5? ) 
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Figure  1.31.  Direction  finding  by  the  phase  method. 


a  is  the  target  bearing,  equal  to  the  angle  between  the  normal  to 
the  base,  d,  and  the  direction  to  the  target. 

What  follows  from  (1.57)  i*  that 


a 


=  arc  sin  sj- 

nr 


i. 


U-58) 


The  accuracy  of  direction  finding  using  the  Phase  nefnod  is ,  in  the 
main,  dependent  on  the  accuracy  with  Which  the  diff'trenc';  in  the  phases  of 
the  incoming  signals  is  measured,  and  on  the  magnitude  »f  the  base.  The 
mean  square  error  in  the  hearing  is 


T 


dcosa 


In  turn 


where 


(1.6C) 


is  signal  povprj 
is  nois*  power. 

The  phase  method  of  direction  finding,  in  principle,  permits  aor.opulse 
direction  finding  with  a  multichannel  direction  finder- 

Direction  finding  using  amplitude- phase  methods 

These  methods  are  based  on  the  use  of  the  amplitude,  as  well  as  the 
phase,  relationships  between  the  voltages  across  two  receiving  antennas 
separated  in  space* 

An  example  of  the  amplitude- phase  method  of  radio  direction  finding 
is  the  phase- anti  phase  method,  otherwise  known  as  the  sum  and  difference 
method.  In  essence,  the  method  is  as  follows.  The  antenna  array  consists 
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of  two  identical  antennas  spaced  distance  c  apart.  The  directions  of  the 
cmxima  in  the  reception  patterns  lor  both  antennas  are  perpendicular  to 
base  d.  In  the  case  of  a  single  channel  direction  finder,  when  the  two 
receiving  antennas  are  cut  in  in-phase  with  each  other,  the  sunned  voltage 
V  Cfig.  1.52)  across  the  receiver  input  will  be 

— Si/t/C^COS^-^-sinc)  Cl.  61) 

where 

Ug  is  the  voltage  across  the  receiver  input  when  the  direction  of  the 
maximum  in  the  reception  pattern  coincides  with  the  direction  “to 
the  target; 

f(o)  is  the  direction  finding  response  curve  for  the  antenna; 
d  is  the  base  between  the  antennas. 


Figure  1.32.  Establishing  the  sun  and  difference  voltages. 

If  the  antennas  are  cut  in  so  their  phases  are  opposite,  the  voltage 
across  the  receiver  input  will  be 

UJ.—  2£/j/  (a)  sin  sin  -  (1.62) 

If  ve  measure  the  relationship 

(U63) 

we  can  establish  the  target  bearing* 

This  method  can  also  be  used  for  monopulse  direction  finding  in  the 
case  of  a  multichannel  arrangement  in  the  direction  finder. 

The  block  schematic  of  one  of  the  variants  of  a  dual— channel  monopulse 
radio  direction  finder  for  realization  Of  this  method  of  direction  finding 
is  shown  in  Figure  1-33-  The  magnitude  of  the  deflection  of  the  pip  on 
the  screen  of  the  cathode  ray  tube  caused  by  the  intermediate  frequency 
pulses  depends  on  the  direction  to  the  target* 


HA-015-68 


46 


A 

A 


Figure  1.33*  Slock  schematic  of  a  dual-channel  sonopulse  radio 
direction  binder. 

A  -  from;  B  -  Us;  C  -  Ud;  D  -  high  frequency  amplifier; 

E  -  mixer;  F  -  intermediate  frequency  amplifier;  G  - 
local  oscillator;  H  -  photoelectric  reader;  I  -  indicator 
screen. 


If  the  amplification  in  both  channels,  and  the  X  and  Y  tube  sensiti¬ 
vities  are  identical 


where 


tg7,=  tg("jr-  sins). 


(1.6V) 


y  is  the  angle  between  the  mark  on  the  indicator  screen  and  the 
Y  axis. 

Consequently, 


?-d  . 

a-psiao* 


(1.65) 


from  vher.ee 


a  =  arc  sin  - 


(1.66) 


The  accuracy  of  thia  method  of  direction  finding  can  be  established 
by  the  accuracy  with  which  angle  y  is  read.  The  mean  square  error  in 
direction  finding  is  equal  to 


— co!o 


(1.67) 


When  the  signal/noise  ratio  is  high  O' 


1  to  3'. 


1.12  The  i'nrtial  P.vtirrnv  Method 

Xn  the  ease  of  the  partial  patzerr.n  method  a  specified  sector  is  ob¬ 
served  by  overlapping  it  with  several  receiving  antennas,  each  of  which  is 
connected  to  a  separate  receiver  channel.  The  signals  are  fed  iron  the  re¬ 
ceiver  outputs  into  a  special  analyzer  (fij.  1.34). 
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Figure  1„34.  Block  schematic  of  a  radar  with  Target  direction 
finding  by  the  partial  patterns  method. 

A  -  analyzer;  B  -  receivers  as  numbered. 

The  antenna  reception  patterns  partially  overlap  (fig-  1-35) -  A 
coarse  approximation  of  the  direction  to  the  target  can  be  the  number  of  the 
receiving  channel,  the  input  signal  to  which  has  the  greatest  amplitude.  The 
precise  bearing  can  be  established  by  using  one  of  the  di Auction  finding 
methods  already  considered  that  utilize  intersecting  reception  patterns. 


Figure  1-35-  Partial  reception  pat terns - 

1.13  The  Mono  pulse  Method 

In  the  monopul se  radar  each  pulse  reflected  from  the  target  carries  all 
the  information  on  target  position,  not  only  the  angular  coordinates,  but 
range  as  well.  The  information  is  separated  by  simultaneously  comparing  the 
amplitudes  and  phases  of  the  reflected  signals  received  by  several  antennas. 

Monopulse  radars  are  used  for  automatically  tracking  by  angular  coordinates, 
for  the  most  part,  but  surveillance  radars  can  also  be  used.  Automatic 
tracking  in  one  plane  requires  two  channels  and  two  antennas,  with  four  re¬ 
quired  for  tracking  in  azimuth  and  elevation. 

Monopulse  radars  are  more  complicated  than  single-channel  radars,  but 
do  provide  more  accurate  coordinate  determination.  This  is  because  the  low- 
frequency  amplitude  fluctuations  in  the  reflected  signals  have  no  effect  on 
the  functioning  of  these  systems- 
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Figure  1.3 6-  Block  schematic  of  an  amplitude  difference  radar. 

A  -  equisignal  direction;  B  -  target;  C  -  mixer; 

D  -  local  oscillator;  £  -  intermediate  frequency  amplifier; 

F  -  detector;  G  -  subtract  circuit;  H  -  uout»  1  ~  amplifier 

J  -  antenna  control  circuit. 

Let  us  consider  the  principle  of  operation  of  the  oonopulse  radar  by 
using  a  very  simple  amplitude  difference  radar  (fig.  1 .36)  in  which  the 
amplitudes  of  signals  received  by  two  channels  in  the  radar  (for  direction 
finding  in  one  plane)  are  compared  in  order  to  establish  the  direction  to  the 
target. 

Che  antenna  directivity  patterns  form  the  equi signal  direction.  The 
signals  received  by  each  of  the  antennas  is  amplified  by  separate  receiver, 
detected,  and  then  their  difference  is  found. 

The  signal  received  by  antenna  1  is  in  the  following  form  at  the  re¬ 
ceiver  input 


ttp  =  kF  (d6  4-  7)  cos  (W  + «?),  (1*68 ) 

where 

k  is  the  proportionality  factor; 

F($)  is  the  directivity  pattern  for  the  antennas: 

P=$.+r. 

is  the  angle  of  deflection  of  the  mat i mum  for  the  directivity  pattern 
from  the  equi signal  direction; 
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v  is  the  angle  of  deflection  of  the  equi signal  direction  from  the 
direction  to  the  target  (the  angle  of  mismatch); 
w  is  the  signal  frequency; 
c  is  the  phase* 

The  signal  at  the  output  from  the  second  antenna  is 


4A,  —  kF  (v0  —  7)  cos  (a>t  *-*-  •?). 


(1-69) 


After  transformation,  intermediate  frequency  amplification,  and  linear 
detection,  the  signals  in  the  radar  channels  at  the  input  to  the  subtractor 
will  equal,  respect ively, 

“1  =  1*,+' T), 

u./  C 

:u  =  kKJ 

where 

,  Ko  are  the  signal  transfer  functions  in  the  channels. 

The  signal  at  the  subtract  eircuit  output  is  equal  to 


“out  -*{<*-  J3 ' 
for  small  raj  smatch  angles. 

If  the  channel  transfer  functions  are  equal  to  =  K0  =  K' ,  the 
signal  at  the  output  will  equal 


u 


out 


(1-72) 


As  win  be  seen  from  the  formula  at  (1-72),  the  signal  at  the  subtract 
circuit  output  is  directly  proportional  to  the  mismatch  angle-  This  signal 
is  fed  into  the  antenna  control  circuit  that  rotates  the  antenna  so  as  to 
continuously  match  the  equisignal  direction  with  the  direction  to  the  target, 
that  is,  to  reduce  the  mismatch  signal  to  zero. 

Figure  1-37  shows  the  direction  finding  eurvec  for  the  system-  The 
shortcoming  in  the  system  is  the  dependence  of  the  zero  value  of  the 
direction  finding  curve  on  the  stability  and  the  equality  of  the  signal 
transfer  functions  in  the  individual  channels  on  each  other.  There  is  no 
such  shortcoming  in  the  amplitude  sun-difference  radar  (fig*  1*33). 

Figure  1.37* 

Direction  finding  curve  far  an 
amplitude  difference  radar. 
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Figure  1-38.  Block.  schematic  of  a  sum-difference  radar* 

A  -  "target;  B  -  mixer;  C  -  local  oscillator; 

B  —  intermediate  frequency  amplifier;  E  -  phase 
detector;  F  -  6  -  amplifier;  H  —  antenna 

control  circuit. 

The  signal  at  the  output  of  this  system  is  equal  to 

“out  -  (1-73) 

for  small  mi  snatch  angles. 

In  this  system  the  zero  direction  does  not  depend  on  the  amplitude  and 
phase  characteristics  of  the  channels  *  0  when  y  =  0).  Change  in  the 

amplitude  (K^  and  K^)  and  phase  (qp^  and  ?p^)  characteristics  of  th*  channels 
will  only  result  in  some  change  in  the  steepness  of  the  direction  finding 
response  curve. 

We  can  have  phase  difference  and  phase  sum-difference  radars,  as  well 
os  amplitude  monopulse  radars.  They  differ  from  those  described  above  only 
in  the  fact  that  the  phase,  rather  than  the  amplitudes,  arc  compared. 

1.14.  Methods  Used  to  Measure  the  Height  at  Which  a  Target  is  Flying 

Target  height  can  bo  established  with  respect  to  known  slant  range  to  it, 
and  by  the  target  elex'ation.  At  the  same  time,  such  factors  as  atmospheric 
refraction  and  the  curvature  of  the  earth’s  surface  must  be  taken  into  con¬ 
sideration. 
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Atmospheric  refraction  can  be  taken  into  consideration,  by  replacing 
zhe  actual  radius  of  the  earth,  R^,  by  the  so-called  effective  radius  of 
the  earth,  R^^.  In  the  case  of  normal  atmospheric  refraction 

R  ~  “  4/3  R  =  4/3-6370  =  8500  km  Cl. 74) 
exi  e 


For  the  case  of  H  A,  R  and  L  <  R 
e  e 

H-h^  +  Dsine*  B2/2Re;f:£., 

where 

H  is  the  height  at  which  the  target  is  flying; 
h,  is  the  height  of  the  railar  antenna; 

D  is  the  slant  range  to  the  target; 

€  is  target  elevation; 

R  ..  is  the  effective  radius  of  the  earth, 
eff 

Ordinarily,  h  <  H,  therefore 

C  sic  e  v  D2/£K^j.f. 


(1-75 


(1.76) 


She  centimeter  base  and  measuring  the  height  at  which  a  target 
is  flying 

The  maximum,  comparison,  and  V-beam  methods  are  available  for  measuring 
target  elevation  when  the  centimeter  waveband  is  used. 

The  method  of  the  ma-rimmn.  A  beam,  narrow  in  the  vertical  plane,  and 
wide  in  the  horizontal  plane,  continuously  scans  a  specified  elevation  sector 
wins  the  maminum  method  is  used  to  determine  height.  Reflected  signals  are 
fed  from  the  receiver  output  into  the  elevation-position  indicator  (fig.  1.39). 
In  this  indicator  the  range  and  elevation  angle  sweep  is  the  result  of  feeding 
a  sawtooth  range  voltage  to  the  X  plate  and  a  voltage  proportional  to  the 
angle  of  elevation  to  the  Y  plate. 
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A  series  of  curves  of  constant  heights,  computed  through  the  formula  at 
(1.76),  are  plotted  on  the  indicator  screen  and  are  used  to  find  target 
height . 

A  height-range  indicator  (fig.  1.40 )  can  he  used  instead  of  the  elevation- 
position  indicator.  Height  sweep  is  formed  by  delivering  a  voltage  in  the 
form 


U,-*kt  Sint,  (1.77) 

where 

k  is  the  proport  ionality  coefficient, 
to  the  Y  plate. 

The  method  of  the  maximum  can  also  be  used  to  find  the  elevation  angle 
by  using  partial  directivity  patterns. 

The  comparison  method  w as  described  above. 

The  V-beam  method.  The  V-beam  method  is,  in  essence,  a  radar  antenna 
array  consisting  of  two  antennas  forming  two  flat  beams.  One  of  the  beams 
is  vertical,  the  other  tilted  (fig-  1-41}.  The  angle  between  the  planes  of 
the  beams  is  usually  equal  to  45*.  3oth  antennas  are  installed  on  the  same 
house  and  rotate  in  the  horizontal  plane.  The  direction  of  rotation  is  such 
that  the  vertical  beam  is  displaced  before  the  tilted  beam  is,  with  the  result 
that  the  target  is  illuminated  twice  per  revolution  of  the  antenna  array. 

The  angle  hy  which  the  antenna  array  is  turned  from  rfae  time  the  target 
is  illuminated  hy  the  vertical  beam  to  the  time  it  is  illuminated  by  the 
tilted  beam  depends  on  the  height  and  range.  The  relationship  between  target 
height  and  this  angle  is  / 


Jbsic  a 


(1.73) 


Accordingly,  target  height  can  be  found  by  measuring  the  slant  range 
and  the  difference  in  the  azimuths  of  q»^. 

The  meter  band  radar  and  measuring  ti.r^-t  height.  Target  angles  of 
elevation  are  measured  by  comparing  the  eofs  induced  in  antennas  at  different 
heights  above  the  surface  of  the  earth  (fig.  1.42).  Each  antenna  has  its 
own  directivity  pattern  in  the  vertical  plane.  That  of  the  lower  antenna 
has  one  lobe,  that  of  the  upper  two  lobes,  for  example.  Equisignal  directions 
are  formed  in  space  by  the  intersection  of  the  lobes,  and  these  directions 
can  be  used  to  find,  the  target1  a  angle  of  elevation  (fig.  1.42b)  r  particularly 


when  a  goniometer  is  used. 

A  goniometer  is  a  device  with  two  mutually  perpendicular  stator  coils 
and  one  rotor  coil.  The  latter  can  be  rotated  in  the  magnetic  fields  of  the 
stator  coils  (fig.  1-43).  The  output  terminals  of  both  antennas  are  connected 
to  the  stator  coils.  The  rotor  coil  is  connected  to  the  receiver.  The  emf 
induced  in  the  rotor  coil  will  depend  oh  the  summed  magnetic  field  created 
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Figure  1,41.  Use  V— bean  method  used  to  ti nd  target  height . 


«  b 


Figure  1.42.  Measuring  target  angle  of  elevation  by  using  two 
antennas  placed  at  different  heights. 

a  —  antenna  positions;  b  —  directivity  pattern  positions. 


Figure  1.43.  Use  of  a  goniometer  to  find  angle  of  elevation. 

A  —  goniometer;  B  —  receiver;  C  -  indicator. 


by  the  stator  coils,  while  the  magnetic  field  will  depend  on  the  current* 
flowing  in  the  stator  coils. 

The  Current  flowing  in  the  first  coil  will  depend  on  the  signal 
received  by  antenna 


A  =*?!<«). 


(1.79) 


vt.cro 


e  is  target  angle  of  elevation; 


q?j(g)  is  the  equation  for  the  directivity  pattern  of  antenna 
Jo  IS  the  proportionality  coefficient. 


V 
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The  current  flowing  in  the  second  coil  is 


A  =  *?:(»)- 


<1.8o) 


If  the  rotor  coil  is  turned  so  the  resultant  eof  across  its  output  is 
zero,  the  angle  of  rotation  of  coil  y  vill  fix  the  target  angle  of  elevation 
e  completely 


—  *ST 


OiW 
f>  W  * 


(1.81) 


tfe  Can  construct  the  curve  for  y  •  $(e),  for  use  in  finding  the  angle 
of  elevation  e,  or  we  can  graduate  the  goniometer  scale  to  read  the  angle 
of  elevation  directly. 


1.15.  Moving  Target  Selection  Systems 

The  moving  target  selection  system"  is  a  set  of  special  equipments  able 
to  separate  signals  from  moving  targets  against  a  background  of  reflections 
from  fixed  end  slowly  moving  targets.  These  targets  include  local  objects, 
water  surfaces,  hydrometeorological  objects  (clouds,  rain,  hail,  snow),  and 
others.  Interfering  reflections  from  all  of  the  above  targets  are  called 
passive  noises. 

Passive  noise  can  exceed  the  level  of  receiver  noise  in  intensity  by 
30  to  80  db,  resulting  in  overloading  the  receiver  and  loss  of  useful  signal. 
The  useful  signal  can  be  lost  <v«a  -when  there  is  no  overloading,  the  result 
of  the  masking  effect  of  the  noise. 

Useful  signal  and  passive  noise,  alike  the  result  of  the  phenomenon  of 
secondary  emission  of  electromagnetic  energy  from  the  radar  transmitter  have 
ouch  in  common,  so  far  as  their  characteristics  are  concerned.  The  basic 
difference,  and  the  one  on  -which  moving  target  selection  is  based,  is  the 
difference  in  the  frequencies  of  the  reflected  signals,  the  result  of  the 
different  radial  components  of  the  speed  at  which  the  target  is  moving  and 
the  sources  of  the  passive  noise. 

A.  transmitter  radiates  oscillations 

u,  (t)  =  U  cos  (gj  t  +  ©).  (l.82) 

trans  m  g  0 

Oscillations  reflected  from  a  fixed  .target  at  distance  are  in  the 

form 

Ufi*Ct>  “  Vm  ‘  “(/»  *  %>*  (1*83) 

dseillatiorLS  re-fleeted  £r*in  a  target  at  distance  moving  in  a 
straight  line  and  uniformly  with  radial  spend  t_,  have  the  form 

Utar(t>  =  Um“3  EV  "  ^<JS  ®B±  ^V*  V  *  ?02' 


(1.84) 
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where 

is  the  constant  las  resulting  from  the  distance  to  the 
reflecting  target; 

is  the  Doppler  frequency  resulting  from  the  radial  move¬ 
ment  of  the  target. 

The  appearance  of  the  Doppler  frequency  in  the  moving  target  signal  is 
used  for  moving  target  selection. 

All  that  is  necessary  to  detect  the  signals  from  moving  targets  against 
the  background  *  of  the  reflections  from  fixed  targets  when  using  a  continuously 
radiating  radar  is  to  feed  "transmitter  oscillations  in-^o  the  receiver  simul¬ 
taneously  with  the  reflections  from  the  target*  Beat  in -5  of  the  oscillations 
from  the  transmitter  and  the  reflected  signal  establishes  the  fact  that  a 
moving  target  is  present  and  establish  its  radial  speed.  However.,  a  system 
such  as  this  will  not  establish  the  distance  to  the  target  directly. 

Moving  target  selection  can  also  be  obtained  by  the  use  of  pulse  radars, 
and  here  th«*  distance  to  the  target  can  be  established  through  the  use  of 
conventional  pulse  methods. 

Coherent  pulse  moving  target  selection  systems 
The  place  of  the  moving  target  selection  system  in  pulse  radars  can  be 
seen  from  Figure  1,44,  Pulse  moving  target  selection  systems  are  called 
coherent  pulse  systems. 

In  these  systems  the  oscillations  from  a  special,  so-called  coherent 
oscillator  are  used  as  the  reference  oscillations  and  the  reflected  signals 
are  compared  with  them.  These  oscillations  are  closely  synchronized  in  phase 
with  the  transmitter  oscillations,  so  closely  that  the  difference  in  phases 
between  the  two  oscillations  is  constant  during  each  period  in  the  pulse 
train.  This  type  of  oscillation  is  called  coherent.  The  most  widely  used 
circuitry  in  the  centimeter  waveband  is  that  in  Which  the  phasing  of  the 
coherent  oscillator  and  the  combining  of  the  coherent  and  reflected  oscilla¬ 
tions  takes  place  on  an  intermediate  frequency. 

We  can  review  the  operation  of  coherent  pulse  moving  target  selection 
systems  by  using  the  schematic  shown  in  Figure  1,44  as  an  example* 

The  antenna  radiates  the  pulses  of  high  frequency  energy  from  the  trans¬ 
mitter  into  space. 

Oscillations  from  the  transmitter,  converted  into  pulses  at  the  inter¬ 
mediate  frequency  (phasing  pulses)  by  the  voltage  from  the  local  oscillator, 
are  fed  into  the  coherent  oscillator  to  phase  it.  During  phasing  the 
frequency  and  phase  of  the  coherent  oscillator  oscillations  are  equal  to  the 
frequency  and  phase  of  the  phasing  pulse  oscillations. 

When  the  phasing  process  is  concluded  the  phase  of  the  coherent  oscillator 
oscillations  is  closely  coupleo  with  the  phase  of  the  transmitter  oscillations, 
although  it  is  not  equal  to  it.  The  result  is  coherency  in  transmitter  and 
coherent  oscillator  oscillations. 


“</*  ®a  '  \ 
Dg  “ 
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Hi*  phased  voltage  is  applied  to  the  phase  detector  Iroa  the  coherent 
oscillator.  Hie  phase  detector  also  taxes  the  reflected  signal,  converted 
into  a  signal  at  intermediate  frequency  by  the  -voltage  from  this  local 

oscillator. 


A  B 


Figure  1.44.  Simplified  block  schematic  for  moving  target  selection. 

A  -  tranmuitter;  B  -  antenna  switch.;  C  —  phasing  mixer; 

X>  —  local  oscillator;  £  -  »lgn»i  mixer;  F  —  coherent  os¬ 
cillator;  6  -  intermediate  frequency  amplifier;  H  - 
wind  compensation  circuit;  I  —  limiter;  J  -  phase  detector; 
K  —  moving  target  selection  system;  1*  -  coapenMtor; 

M  -  to  indicator. 


An  amplitude  limiter  is  installed  ahead  of  the  phase  detector,  and  its 
purpose  is  to  eliminate  parasitic  modulation  of  signals  from  fixed  targets 
caused  by  antenna  rotation  as  space  is  canned. 

‘The  reflected  signal  voltage  after  the  mixer  in  the  period  of  repe¬ 
tition  can  be  represented  in  the  form 

“s  "  Vm  ♦  &D  -  alo't  ’  *V“"l)Tp  •  S^g  +  'PioJ.  Cl-85> 

where 

<d  is  the  generator  frequency; 

0 

Ojj  is  -the  Doppler  frequency; 

alo  is  the  local  oscillator  frequency; 

Ip  is  the  pulse  repetition  period, - 
3  is  the  initial  phase  of  generator  oscillations; 
r  -  1,  2,  }...% 

c.  is  the  initial  phase  of  local  oscillator  oscillations, 
lo 
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The  coherent  oscillator  voltage  is 

u  a  U  sin  CCoj  -  <0,  )t  -  qp  2. 
co  m  co  g  io  YCo 

The  voltage  across  the  phase  detector  output  is 

°D  "  “lo3* 


pd 


C  .cos  £  C(B 
a  pd  g 


(a?  —  q_  jit 
g  1o 


Ca"l)Tp  -  -  »9  ’  ’lo 


a  3  -  « 

vco  m  pd 


coocn^t 


♦  cya-liT  -  (Pp  <?co3. 


(1.86) 


(1.87) 


■where 

U  J  a  1/2  U  U 
ra  pd  m  s  m  co 

If  generator,  local  oscillator,  and  coherent  oscillator  frequencies  are 
stable  the  fixed  target  fo  =*  O)  video  signals  at  the  phase  detector  output 
are  constant  in  amplitude  from  period  to  period  in  the  trains*  When  the 
target  is  a  moving  one  (G  /  o)  the  video  pulses  at  the  phase  detector  output 
vill  have  amplitudes  that  will  change  from  period  to  period  in  accordance 
with  the  law  cos  O^t. 

The  envelope  of  the  video  pulses  will  change  in  accordance  with  a 
harmonic  law  with  frequency  F^,  equal  to  the  Doppler  frequency,  only  when 


where 


fd  <  V2' 

is  the  pulse  repetition  frequency* 


Figure  1-45-  Dependence  of  the  video  pulse  envelope  frequency  on 
the  Doppler  frequency. 


If  this  condition  is  not  satisfied  there  will  he  a  stroboscopic  effect 
when  frequency  F,  of  the  video  poise  envelope  changes  with  the  Doppler  fre- 
qucncy  in  accordance  with  a  sawtooth  law  (fig.  1.45). 

Moving  target  selection  compensators 
Signals  flow  from  the  phase  detector  to  a  compensator. 

The  compensator  makes  the  alternate  period  subtraction  of  the  video 
signals  from  the  phase  detector  output  whereas  the  video  signals  with  fixed 
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amplitude  arc  suppressed  and  the  pulses,  the  amplitudes  of  which.  change  from 
period  to  period,  ore  isolated. 

The  compensator-  can  be  a  delay  line  or  a  storage  tube. 

A  compensator  in  the  form  of  an  ultrasonic  delay  line  is  Shown  in 
Figure  1.46. 


Figure  1.46.  Block  schematic  of  a  compensator  in  the  form  of  an 
ultrasonic  delay  line. 

A  -  f  frequency  generator;  B  -  frcia  phase  detector; 

C  -  modulating  amplifier;  E  -  ultrasonic  delay  line; 

E  -  amplifier;  F  -  detector;  G  -  subtraction  circuit; 

H  -  -to  indicator. 

Signals  pass  over  two  channels  so  the  alternate-period  subtraction  can 
be  done  in  the  compensator,  over  a  direct  channel,  and  over  a  channel  with  a 
delay  of  T^,  and  are  fed  into  the  subtraction  circuit  where  the  difference 
signals  are  isolated. 

Pulses  are  delayed  for  the  period  of  repetition  in  the  channel  vith 
the  ultrasonic  delay  line. 

The  video  pul  sea  jut©  converted  into  radio  pulses  with  an  auxiliary 
frequency,  (10  to  12  ctHz)  so  the  transmission  through  the  ultrasonic 
delay  line  will  be  undistorted.  The  signal  at  the  output  from  the  direct 
channel  ia  in  the  form 

"dir  -  U*COS  C‘V  +  V"-l)Tp  -  (l-85) 

The  signal  at  the  output  of  the  channel  with  the  delay  is 

"deiay  “  Un“’stnDt  +  ~  (i-89> 

The  signal  at  the  output  of  the  compensator  (after  subtraction)  is 


RA-015-6S 


59 


'  “dir  -  “delay  =  2U=,£itt  U/2  CdV  s£a  LV  *  Vp 
<n  -  l/2)  -  qj]. 


(1.90) 


As  will  be  seen  iron  this  formula,  the  difference  signal  equals  aero 
for  signals  from  fixed  targets  a  0),  but  differs  from  zero  for  signals 
from  moving  targets. 

If  good  compensation  is  to  be  provided  signals  from  fixed  targets  there 
must  be  strict  equality  between  the  summed  delay  times  for  the  signals, 
^delay’  the  r«Pe'citAon  period,  Tp.  This  greatly  complicates  the  com¬ 
pensator  circuit. 

More  modern  are  compensators  with  memory  tubes  combining  the  functions 
of  mer»ry  and  compensator. 

The  memory  tube  compensator  maintains  the  equality 
automatically  at  all  times,  so  strict  constancy  of  lp  is  not  required. 

Target  "blind"  speeds 

The  frequency  curve  for  a  compensator  in  the  case  of  single  subtraction 


K<F)  =  2 jsin  (T7FcTp)| 
as  in  *the  fora  depicted  in  Fic^re  1.47* 


(1.91) 


V  JFr 

Figure  1.47.  Frequency  curve  for  a  compensator. 


The  Doppler  frequencies,  F  ,  for  which  the  product  is 


FT 

D  p 


n, 


(1.92) 


and  where  n  =  1,  2,  3,  ...,  that  is,  Doppler  frequencies,  multiples  of  the 
pulse  repetition,  yield  a  signal  equal  to  zero  at  the  compensator  output. 
The  radial  target  speeds  causing  these  Doppler  frequencies,  that  is. 


r  blind 


°*^V; 


'2, 


(1-93) 


are  called  "blind"  speeds.  The  reason  is  that  in  time  T  the  target  covers 

F 

distances  equal  to  multiples  of  l/2_ 

Consequently,  targets  moving  at  "blind"  speeds  cannot  be  detected. 

A  variable  repetition  frequency  is  used  to  avoid  "blind"  speeds  in 
radars  with  moving  target  selection.  While  the  speed  will  be  blind  on  one 
repetition  frequency,  it  will  differ  from  the  "blind"  speed  on  another,  and 
tiie  target  can  be  detected- 
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■VI.O  tV'pei  ition  frequency  can  bo  changed  omooihly,  or  in  bounds. 

Change  in  radar*  frequency  can,  in  principle,  be  used  to  cope  with 

"blind"  ^poedai,  but  this  is  a  irore  complicated  method. 

"Wind  compensation”  devices 

Certain  typos  02*  passive  interference  sources  (rain  clouds,  chaff 
clouds)  move  about  with  the  wind  as  a  single  target,  that  is,  they  have  a 
regular  speed  component.  At  the  same  time,  the  video  pulses  turn  out  to 
be  modulated  by  the  frequency  of  the  Doppler  beats,  and  uncompensated  inter¬ 
ference  residuals  will  be  present  at  the  compensator  output.  The  movement  of 
the  source  of  interference  c  in  be  compensated  for  by  removing  the  uncompen¬ 
sated  residuals.  The  frequency  of  the  oscillations  of  the  coherent  oscillator 
can  be  changed  by  a  special,  so-called  "wind  compensation”  device,  so  as  to 
change  the  frequency  of  the  signal  reflected  from  the  moving  source  of  inter¬ 
ference,  and  this  will  eliminate  the  residuals.  The  result  is  to  make  the 
phase  of  the  interference  constant  from  period  to  period  with  respect  to 
the  coherent  oscillations,  and  interference  compensation.  quality  will  be 
improved. 

I.l6  Externally  Coherent  Pulse  Moving  Target  Selection  Systems 

The  use  of  internally  coherent  moving  target  selection  is  difficult 
because  of  the  expansion  in  the  band  of  Doppler  frequencies  of  the  passive 
interference.  Two  feet ors  axe  involved  in  this  expansion:,  the  increase  in 
the  ceiling  of  the  raihr  detection  zones;  and  the  shortening  of  the  wave 
length  on  which  the  radars  operate.  In  the  centimeter  band  the  band  of 
Doppler  frequencies  of  the  passive  interference  can  reach  a  magnitude  such 
that  it  is  difficult  to  suppress  the  interference  in  an  internally  coherent 
moving  target  selection  system. 

In  this  case  externally  coherent  moving  target  selection  systems  are 
used,  and  these  are  based  on  the  same  principles  as  the  internally  coherent 
moving  target  selection  systems,  except  that  the  coherent  oscillator  is 
phased  with  the  passive  interference  signal,  rather  than  with  the  main 
signal,  or  the  passive  interference  itself  is  used  as  the  reference  voltage. 

In  order  to  prevent  useful  signals  from  targets  flying  in  an  interference 
cloud  being  suppressed  by  this  moving  target  selection  system,  the  signal 
used  for  phasing  the  coherent  oscillator  Cor  used  as  the  reference  voltage) 
is  delayed  for  a  period  of  time  qual  to,  or  slightly  longer,  than  tbe  length 
of  the  radar  pulse.  Compensation  for  wind  influence  in  these  systems  is 
automatic-  Ilowevei ,  the  moving  target  can  be  selected  in  these  systems 
only  if  a  passive  interference  cloud  is  present.  If  passive  interference 
is  not  suppressed  in  the  radar  receiving  pattern  the  phasing  of  the  coherent 
oscillator  can  only  be  done  by  target  signals,  and  this  will  lead  to 
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suppression  o£  useful  signals.  Moreover,  externally  coherent  systems  will 
not  suppress  the  leading  edge  of  the  interference  cloud.  Broad  band  com¬ 
pensation  for  wind  effect  can  he  realized  in  dual -frequency  radars  without 
the  shortcomings  inherent  in  the  externally  coherent  method. 


1.17  The  Cud-Frequency  Method  of  Moving  Target  Selection 

A  radar  is  said  to  he  a  dual- frequency  radar  vfc*vn  it  radiate*  radio 
frequency  pulses,  and  receives  reflected  signals,  cn  two  different  frequen¬ 
cies  at  the  same  time*  In  the  dual -frequency  radar  the  same  transformation 
takes  place  in  front  of  the  phase  detector,  Just  as  it  does  in  the  single- 
frequency  radar,  but  in  the  two  sub-channels  in  the  receiver  that  correspond 
to  the  two  different  frequencies  of  the  main  and  reflected  signals. 

In  this  case  the  reflected  signal  frequency  is 


fI  ref  “  fI  +  rDl* 

where 

?D1  =  2W 


(1.94) 


fII  ref  “  fII  '  ^DE* 

where 


(1.95) 


FD2  “  2V]/X2* 

f ^  and  f^  in  the  formulas  at  \1.$4)  and  (l.$5)  are  the  carrier  fre¬ 
quencies  for  the  transmitters  in  the  dual- frequency  radar. 

Two  signals,  with  frequencies  as  follows,  are  fed  into  the  phase  detector 
after  the  frequency  conversion. 


f  =f  ±F-f  -f  +F. 

I  tf  tf  Dl’  1II  tf  tf  "  D2 


(1.96) 


The  echo  signals  are  added  to  each  other  geometrically,  and  not  to 
the  coherent  voltages,  in  the  phase  detector  of  the  dual— frequency  radar. 
The  result  is  heaxing,  detected  hy  the  amplitude  detector.  Video  pulses, 
the  envelope  of  which  will  change  with  difference  in  the  Doppler  frequency, 
are  formed  at  the  detector  out  put. 


Fb  -  FD1  -  PD2  "  2VX1  -  *V*2  *  (arrfi;i2v/s-  (--97) 


If,  by  way  of  example,  the  frequencies  for  transmitters  f^  and  are 
equal  to  1550  and  1500  respectively,  in  the  case  of  the  single-frequency 

radar  the  Doppler  frequency  bands  for  the  passive  interference  moved  by  the 
wind  at  speeds  of  from  0  to  50  rexers/second  would  cover  xhe  sections  of 
the  frequency  curve  from  zero  to  =  517  hertz,  and  F^n  =  500  hertz, 

respectively,  and  in  the  case  of  the  dual-frequency  radar  =  F^-F^  ~  517  - 
-  500  =  17  hertz. 
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Naturally  enough,  it  is  quite  easy  to  suppress  passive  interference  in 
narrow  a  band  of  Doppler  frequencies. 
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Chapter  II 

Radar  Tactical  and  Engineering  Data 


Radar  tactical  and  engineering  data  are  data  characterizing  the  expected 
efficiency  of  the  radar  to  carry  out  concrete  tactical  missions  in  combat. 
Radar  can  be  designated  in  accordance  with  its  tactical  purpose  as: 
warning ; 
early  warning ; 
detection  and  guidance; 
acquisition; 

rocket  guidance,  and  others- 

Single  purpose  radars  can  establish  different  numbers  of  coordinates  and 
target  characteristics. 

The  most  important  radar  tactical  and  engineering  data  are: 

limiting  range; 

limiting  angular  coordinates; 

period  of  scan; 

resolution; 

accuracy  in  establishing  coordinates; 
ir formation  capability; 
interference  immunity; 

standards*  for  servicing  in  combat  (setting  up  time,  time  required  to 
energize,  striking  time,  and  the  like); 

climatic  conditions  for  combat  utilization- 

2.1  Maximum  Operating  -Range 

Radar  range  is  based  on  maximum.  R  ,  and  minimum,  R  .  ,  operating 
*  max7  man’ 

range - 

The  maximum  operating  range  (detection,  for  example)  is  specified  by 
tactical  requirements.  It  can  be  evaluated,  approximately,  through  the 
basic  radar  equation. 

Maximum  operating  range  depends  on  many  of  the  radar’s  engineering 
characteristics,  on  the  conditions  under  which  radio  waves  are  propagated, 
and  on  target  characteristics,  which,  in  the  real  conditions  prevailing 
when  the  radar  is  used  in  combat,  are  all  subject  to  random  changes. 

Accordingly,  evaluation  of  maximum  operating  range  is  a  probability. 

The  value  of  maximum  operating  range,  is  usually  indicated  with 

respect  to  a  specific  target  (a  fighter  plane,  fer  example)  and  with  a 
specified  probability. 

Preliminary  tests  can  be  used  when  developing  new  radars  to  establish 

K  and  to  confirm  the  probability  of  realizing  that  R  .It  can  usually 
max  max 
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shown  that  R  is  some  value  for  (90?,  for  example)  of  all  the  tests 

GUlX 

conducted. 

This  do  versing  ion  of  R  aeons  that  this  cagr.itude  can  be  guaranteed 
aox 

in  r.Si  of  ail  coses  of  target  detection.  In  100  -  n9®  of  the  cases  the  target 
cannot  be  detected  at  ranges  equal  to  but  will  be  detected  at  somewhat 

lesser  distances. 

The  operating  range  of  a  long-range  detection  radar  is  usually  limited 
co  the  range  of  direct  radar  visibility,  R^.,  and  this  can  be  established 
through  the  formula 

Rv  -  4,i(y5i+yty>  (3-i> 

where 

R  is  in  kilometers; 
v 

h^  is  the  radar  antenna  height,  in  meters; 

H  is  target  height,  in  meters. 


2.2  Minimum  Detection  Range 

Minimum  radar  detection  range,  R  .  ,  depends  on  the  limits  within  which 

Din 

the  antenna  array  can  function  with  respect  to  the  angle  of  elevation  e .  It 
differs  for  different  heights,  and  is  established  by  the  magnitude  of  the  dead 
funnel. 

For  a  cosecant  radiation  pattern 


H/sin 


(2.2) 


where 


min 

C  is  the  elevation  limit, 
max 

In  ground  radars  with  small  elevation  angles  the  real  value  of  R  .  can 

mm 

be  established  by  the  flares  on  the  indicator  screen  at  the  sweep  origin 

by  the  reflections  from  local  objects. 

If  the  antenna,  array  imposes  no  limitations,  the  minimum  operating  range 

for  the  radar  can  be  established  by  the  pulse  duration,  t  ,  by  the  antenna 

P 

switch  restoration  time,  t  ,  and  the  indicator  resolution,  oR, 


a  %  c/a  Ct  +  t  )  +  as  . 

mm  p  r  i 


(3.3) 


2.3  R&dar  Anlnuth  Limits 

Kosc  of  the  existing  radars  operate  in  the  circular  seen  node,  that 
is,  the  azimuth,  3,  is  established  iron  0  to  360*. 

Some  radars  use  sector  scan,  dictated  by  tactical  considerations. 


2.4  3c car  Elevation  Operating  Lin its 

Radar  operating  limits  in  the  vertical  plane  are  determined  by  the 

elevation  sector  scan,  e  .  ,  and  a  maximum  elevation,  c _ - 

atm  dux 


RA-015-68 


65 


The  mini  cues  elevation  is  limited  by  the  conditions  for  forming  the 

radiation  pattern,  with  the  effect  of  the  ground,  and  design  and  operational 

nature,  taken  into  consideration-  e  .  is  usually  equal  to  several  tens  of 

axn 

degrees  for  a  radar  in  the  centicaeter  band,  and  from  1  to  3°  for  a  radar  in 

xhe  decineter  and  meter  bands.  The  maximum  'elevation  for  modem  detection 

radars  is  within  limits  ranging  from  30  to  45*. 

A  reduction  in  the  magnitude  of  e  -  increases  the  o Derating  range 

nin 

against  low-flying  targets,  and  is  obtained  by  raising  the  antenna  array 
above  the  ground  surface. 

An  increase  in  e  .  increases  the  radar's  ability  to  detect  high  targets. 

ffi  ay. 

Engineering-vise,  it  is  arrived  at  by  complicating  the  design  of  the  antenna 
arrays,  by  increasing  the  number  of  operating  channels  in  the  radar,  and 
by  increasing  the  power  of  the  radio  frequency  transmitters. 

2.5  The  Radar  Detection  Zone 

The  radar  detection  zone  is  the  space  within  the  limits  of  which  the 
radar  can  detect  a  target  with  a  specified  probability,  and  can  measure 
target  coordinates  with  the  required  accuracy. 


Figure  2.1.  The  radar  detection  zone.  Detection  range  depends  on 
target  height.  Hc  is  height  of  the  ceiling  for  the 
radar.  It  is  possible  to  find  targets  at  heights  of 
H  >  Hc  in  the  scan  zone.  is  the  target  height  at 

which  a  low-flying  target  can  be  detected  at  a  specified 
range. 

The  detection  zone  (fig.  2.1)  in  the  vertical  plane  can  be  represented 
graphically  in  coordinates  of  the  height,  H,  and  the  range,  K.  Operating 
range  differs  fer  different  elevations,  e -  The  shape  of  the  detection 
zone  depends  on  the  purpose  for  which  the  radar  is  intended,  and  the 
engineering  decisions  made  in  the  radar  design. 

2.6  Radar  Height  Ceiling 

The  T*adar  height  ceiling,  Hc,  is  the  maximum  height  at  which  a  target 
can  be  detected  at  any  range  within  the  limits  of  the  detection  zone. 
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VUrgcLs  caii  be  dctcctod  at  heights  above  at  cerxain  ranges  within  xbe 
liaise  of  the  i scan  zone* 


2.7  J>can  Pcr.oU 

*’be  radar  scan  period,  ^sCan »  *s  the  interval  of  time  required  to  illuminate 
all  tho  -points  in  the  space  that  is  the  radar* s  scan  zone. 

Continuity  and  required  definition  in  the  reflected  signal  indications 
can  bo  provided,  given  the  condition  that 


T  V  N  "AS  de/F  ©-  e-6^  f. 

scan  ^  p  man  ^  pv0.5  0.5 


(2.4) 


where 


T  is  in  seconds: 

scan  7 

X’  .  is  the  minimum  number  of  pulses  reflected  from  the  target  needed 
p  sin 

to  detect  the  target  with  the  specified  probability  (N  .  »3  to  25); 

p  man 


F 

P 

a3 


£e 

^0.5S0.5 


is  the  pulse  repetition  frequency; 
is  the  radar's  sector  scan  in  the  horizontal  plane; 
is  the  sector  scan  in  the  vertical  pltne; 

are  the  widths  of  the  antenna  radiation  patterns  in  the  horizontal 

and  vertical  planes  at  the  0.5  power  level,  respectively. 

In  detection  and  acquisition  radars,  A*  «  6  and 

o.p 


X  N  .  tfi/F  n_  (2.5) 

scan  p  curr^'  p  0.5 

'The  scan  period  determines  the  interval  between  two  successive  neasure- 
neots  of  target  coordinates.  Given  modem  ter  set  speeds,  the  smoothness  with 
which  the  pips  are  roved  on  the  scopes,  and  the  accuracy  with  which  the 
target  trajectories  are  reproduced  are  greater  the  shorter  the  scan  period. 


One  way  to  reduce  the  scan  period  is  to  increase  the  aperture  angle  in 
the  radar  antenna  radiation  pattern.  However,  narrow  radiation  patterns 
are  necessary  to  improve  the  resolution  and  increase  accuracy  in  establishing 
coordinates.  The  contradictions  can  be  reconciled  by  a  compromise  selection 
of  the  radiation  pattern  and  the  method  used  to  scan  space. 
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Circular  scanning  radars  have  a  scan  period  equal  to  the  time  for  one 
complete  antenna  revolution 


where 


T 

scan 


60/nA, 


(2.6) 


is  antenna  rpm. 

A  radar  can  have  3cctor  scan  in  azimuth,  at;  vel  1  as  in  elevation-  Ele¬ 
vation  sector  scan  can  be  by  one  bean  (fig-.  2.2)  %  or  by  several  beans  (fig-  2.3  j , 
each  of  which  has  its  own  zone.  In  the  latter  case,  the  scan  period  is 
shortened. 


Figure  2.3*  Elevation  sector  scan  by  several  beans.  Patterns  1,  2, 
3;  zones  1,  2,  3. 


Given  screw  scan  (fig.  2.4),  one  can  make  a  circular  scan  in  a  zone. 
The  scan  period  for  the  zone  equals  the  time  required  for  the  antenna  to 
zake  the  several  revolutions  needed  to  scan  the  zone 


T 

scan  zone 


where 

£e  is  the  zone  sector, 
z 


6°/nA 


AV%.5’ 


(2.7) 


Figure  2.4.  Ser«v  scan. 

The  full  mean  period,  assuming  zones  are  identical,  and  that  tbe  scan 
node  does  not  change  from  zone  to  zone,  equals 

T  =  60/n  -  Ac/9„  .  n  1c  ,  (2.8 

scan  A  z  0.5  z  r1 

is  the  number  of  zones; 


where 
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is  a  factor  that  takes  into  consideration  th%  tiao  needed  to  reverse 

antenna  movement;  it  depends  on  the  number  of  zones,  and  on  the 

sequence  and  the  method  used  to  shift  from  zone  to  zone;  k  =  1  to  3# 

r 

2,8  Range  Resolution 

AitUr  resolution  is  the  capacity  of  the  radar  to  make  separate  observations 
and  measurements  of  the  coordinates  of  two  targets  close  together* 

Radar  range  resolution,  6R,  is  the  minimum  distance  in  range  between  two 
Targets  with  the  same  angular  coordinates  at  which  it  is  still  possible  to 
cake  separate  observations  and  range  measurements  for  each  target 


5R  -  e-r/2  *  6»s,  (2-9) 

where 

C  is  the  electromagnetic  energy  propagation  rate; 

T  is  pulse  length; 

£R^  is  scope  resolution  (see  Chapter  IX). 

Resolution  in  conventional  pulse  radars  is  higher  (6R  is  less)  toe  shorter 

the  pulse  length  and  the  higher  the  scope  resolution*  It  is  primarily 

dependent  on  the  length  of  the  main  pulse,  r  • 

P 

The  first  term  in  the  right  side  of  the  equation  at  (2*9)  is  determined 
by  the  potential  resolution,  5R^,  of  the  radar 

$R  *  ct/2.  (2.10) 

P 

Resolution  in  a  radar  with  intrapulse  frequency  modulation  and  pulse 

compression  during  the  processing  of  the  reflected  signal  can  be  determined 

by  the  duration  cl  the  "compressed”  pulse,  t  , 

cp 

SR  =  cr  /2.  -.2.11) 

P  cp 

Resolution  in  a  radar  with  phase-code  shift  keying  can  be  determined  by 

the  duration  of  the  code  interval,  r  , 

’  pc’ 


where 


6R 


CTpc/2 


‘pc 

T 

P 

n 


"  Vni 

is  the  length  of  the  main  poise; 
is  the  number  of  code  intervals- 


(2.12) 


2.9  Av.iarjth  ution 

Radar  azimuth  resolution,.  52 ,  is  the  difference  in  azimuths  between, 
targets  at  the  same  range,  and  at  the  same  altitude,  but  as  close  to  each 
other  as  they  can  be  and  still  have  the  racar  make  separate  measurements  of 
the  asinuth  of  eadh  target 
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where 


*?  =  ?«  +  ??.» 


(2.13) 


_  13  the  width  of  the  radiation  pattern  at  half  power  in  the 
horizontal  plane; 

63^  is  the  azimuth  resolution  for  the  scope  (sec  Chapter  XX). 
For  circular  scan  scopes,  for  example. 


5g  -  «?o.5  "  57-5  d/rD’  <2.14) 

where 

is  the  distance  of  the  marker  iron  the  center  of  the  scope; 
dg  is  the  di^aatc-r  of  the  bright  spot  cn  the  scope. 


2.10  Elevation  Resolution 

Radar  elevation  resolution,  is  the  difference  in  the  elevations  of 

two  adjacent  targets  at  the  same  range  and  at  the  saae  azimuth  at  which  it 
is  still  possible  to  laake  separate  measurements  of  elevation  of  each  Of  the 
targets. 

Radar  resolution  6e  with  beam  nodding  in  the  vertical  plane  equals 

4e  -  ®o_5  *  «*3  <2-15) 

where 

00  ^  is  the  width  of  the  radar  antenna  radiation  pattern  in  the  vertical 
plane; 

6c  is  the  scope  elevation  resolution, 
s 

What  follows  from  (2.13)  and  (2.15)  is  that  the  resolution  of  the  angular 
coordinates  depends  primarily  on  the  width  of  the  antenna  radiation  pattern 
in  the  corresponding  plane.  The  first  summands  in  these  equations  determine 
the  potential  radar*  resolution  of  angular  coordinates. 


2.11  Height  Resolution 

A  radar  with  high  elevation  resolution,  and  particularly  one  using  the 
partial  patterns  method,  or  the  beam  nodding  in  the  vertical  plane  method, 
to  determine  height,  has  height  resolution. 

Radar  height  resolution  is  the  mien mum  difference  in  height  between  two 
targets  at  the  same  distance,  and  at  the  same  azimuth,  at  which  the  height  of 
each  of  the  targets  can  still  be  measured,  separately  (fig.  2.5)  - 
For  the  radar  with  beam  nodding  in  the  vertical  plane 

6H  «  90_5B/cos  e  +  6Hs,  (2.16) 

where 

R  is  the  range  to  the  target; 

€  is  the  present  elevation; 
fcH  is  the  height  scope  resolution. 
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* 


Figure  2-5-  Radar  height  resolution. 

2.12  Radar  Resolution  Volume 

Radar  resolution  (pulse)  volume  is  the  volume  of  the  part  of  space  in 
the  radar's  scan  zone  delimited  by  the  distances  equal  to  the  radar's 
resolution  in  range  and  angular  coordinates  (fig-  2.6).  It  equals 

tV  *  D25D6£6c  (2.17) 

or 

{V  *  4n  D2/G  -ct/2,  {2.18) 

where 

G  is  the  antenna  directive  gain. 

Targets  within  the  limits  of  the  radar  resolution  volume  ar*?  detected  as 
a  single  target. 

The  shorter  the  tain  pulse,  and  the  sharper  the  radiation  pattern  of 
the  antenna  array,  the  smaller  the  pulse  volume,  and,  consequently,  the 
better  the  radar's  resolution. 

A  radar  with  a  smaller  pulse  volume  is  less  prone  to  the  effects  of 
passive  interference. 


Figure  2.6.  Resolution  (pulse)  volume  of  a  radar. 

Resolution  in  the  case  of  automatic  tracking.  Radar  resolution  in  the 
case  of  automatic  tracking  is  understood  to  mean  the  minimum  difference  in 
target  coordinates  at  which  positive  automatic  tracking  of  each  of  the  targets 
is  still  possible. 
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2.13  Accuracy  in  the  Pete 'minat  ion  of  Target  Coordinates 

Tiie  magnitude  of  -be  errors  found  in  coordinate  measurements  is  a 
criterion  of  the  accuracy  in  determining  target  coordinates* 

Errors  can  he  external  and  instrumental,  according  to  source,  and  can 
be  coarse,  systematic,  and  random,  according  to  their  behavior  patterns. 

Coarse  errors,  or  misses,  occur  as  a  result  of  errors  in  calculations 
and  are  readily  eliminated,  A  well-drilled  radar  teem  will  not  permit  them 
to  occur. 

Systematic  errors  in  radar  operation  remain  constant,  or  change  in 
accordance  with  a  known  law.  These  errors  can  be  established  in  advance  and 
taken  into  consideration .  Personnel  operating  the  radar  should  know  the 
sources  of  possible  systematic  errors  and  should  always  eliminate  their 
causes,  as  well  as  know  how  to  evaluate  permissible  errors  and  introduce 
the  necessary  correction  factors  in  measurement  results* 

Systematic  errors  are  usually  instrumental  errors.  They  depend  on 
the  accuracy  with  which  the  radar  is  tuned  and  adjusted,  the  condition  of 
the  equipment,  errors  in  locking  and  orienting  the  radar  on  the  terrain,  the 
degree  of  training  given  the  operators,  and  the  like* 

Systematic  errors  can  also  be  external  errors,  and  include - 
errors  caused  by  the  ground,  and  local  objects; 

errors  affecting  wave  propagation,  the  result  of  concrete  climatic  con¬ 
ditions; 

errors  that  depend  on  the  nature  and  maneuvers  of  the  target. 

.Random  errors  are  inevitable  errors,  the  result  of  the  random  nature  of 
all  the  processes  in  the  radar  assemblies  and  units,  in  the  propagation  of 
radio  vavts,  in  the  reflections  from  the  target,  in  the  observations  made  on 
the  screen,  and  the  like. 

Random  errors  can  be  computed  through  the  statistical  theory  for 
measuring  radar  signal  parameters,  which  is  based  on  the  fact  that  the  pre¬ 
sence  of  various  noises  (interference)  in  the  equipment  for  receiving  and  pro¬ 
cessing  the  signals  cause  the  appearance  of  random  errors  in  measurement* 
Random  errors  in  operating  radars  are  established  by  preliminary  tests-  It 
.&  the  random  errors  that  establish  the  accuracy  with  which  target  co¬ 
ordinates  are  measured. 

Mean  square  c-,  average  (probable),  and  maximum  errors  are  used  to 
evaluate  random  errors. 

Often  used  in  practice  as  well  is  the  error  characterizing  the  definite 
probability  that  such  error  will  appear. 

Mean  square  error 
The  mean  square  etror  iu 


<2.19) 
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where 

x  -  a.  -  X  is  the  random  error  in  the  ii&  measurement: 
i  a. 

is  the  result  of  the  measurement ; 

X  is  th©  true  value  of  the  coordinate  being  measured; 
n  is  the  number  of  measurements. 

The  aeon  square  error  can  be  computed  with  sufficient  accuracy  even 
when  the  number  of  measurements  is  comparatively  small  (n  ^  10 ) . 

If  the  mean  square  errors  cr^t  •••?  cr^,  depending  on  various  independent 

sources,  are  known,  the  resultant  mean  square  error  is 


<3,  esaj/  + 


(2.20) 


Average  error 

The  average  eeror  is  equal  to  the  average  arithmetical  error,  derived 
from  the  absolute  values  of  the  random  errors  in  a  seric.'  of  measurements 


x 


av 


x  /t 


(2.21) 


The  normal  law  for  the  distribution  of  random  errors 
Random  errors  have  a  normal  distribution  law 


where 

w<x) 

x 

a 


w  (.*)  * 


1  y&r* 


-t(4): 


is  the  probability  density  of  random  errors j 


Figure  2.7.  The  normal  law  for  the  distribution  of  probability  of 
random  errors. 


Figure  2.7  depicts  in  graphical •  form  the  normal  lav  for  the  distribution 
of  random  errors.  When  measurements  are  more  precise  the  measurement 
errors  are  smaller,  but  in  any  case 

T* 

j  to  (x)  dx  =  l,. 

so  the  probability  density  of  errors  is  greater  the  closer  tox^O.  There 
is  an  equal  probability  of  the  errors  being  positive  and  negative. 
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The  protehility  of  a  definite  error,  x^_,  can  be  established  through 
the  equation 

\  ** 

P^\)^2.zs(x)dx. 

0 

The  probability  of  the  mean  square  error  is  P(c)  =  0-653,  for  example. 
Vhai  this  means  is  that  of  all  measurements  made  the  error  will  not  be  in 
excess  of  a  in  68-336  of  the  cases,  whereas  in  31-796  of  the  measurements  the 
error  will  be  larger  than  the  mean  square  error. 

Probable  error 

The  probable,  x-prob*  or  avera9e  error  is  that  value  of  the  error  with 

respect  to  which  the  equal  probability  of  the  random  error  is  greater,  the 

snail  or  it  is-  The  probability  of  an  average  error  is  P(x  ,  )  =  0-5- 

pro  o 

Consequently,  50%  of  the  measurements  have  an  error  less  than  X  ro^,  end 

50%  of  the  measurements  have  an  error  greater  than  x  . 

3  prob 

The  probable  error  is  in  the  following  ratio  in  terms  of  the  mean 
square  error 


Xprob 


yy  cr, 


(2.22) 


Maximum  error 

The  maximum  error  is  the  largest  random  error  possible  under  pre¬ 
determined  measurement  conditions-  It  is  taken  as  equal  to 


y  =  4x 
max  prob 


(2.23) 


Consequently, 

x  s=  33.  (2.24) 

max 

The  probability  of  a  maximum  error  occurring  in  a  specified  series  of 
measurements  is  -  0-993*  Consequently,  only  0-7%  of  the  measure¬ 

ment  s  have  an  error  greater  than  x 

max 

Errors  of  given  probability 

Statistical  errors,  based  on  special  statistical  measurements,  are  often 
used  to  evaluate  the  accuracy  with  which  target  coordinates  are  determined 
by  radars.  In  such  cases  a  great  many  measurements  of  target  coordinates 
are  made  and  after  the  results  have  been  processed  mathematically  it  can 
be  established  that  in  of  the  measurements  of  the  total  measurements  made 
the  error,  x^,  will  not  exceed  some  specific  value- 

Errors  for  85  or  95%  of  the  measurements  are  cost  often  given-  These 
errors  arc,  naturally,  in  a  definite  ratio  to  the  mean  square  error 


(2-25/ 

(2.26) 
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It  is  convenient  to  use  errors  of  given  probability  in  Cay-to-day 
practical  work.  X^fcan  square,  and  other  errors  are  usually  used  in  theo¬ 
retical  research,  and  for  engineering  computations. 


2.14  Accuracy  in  Range  Measurement. 

The  cod  cm  theory  of  the  measurement  of  radar  signal  parameters  is  what 
cakes  it  possible  to  evaluate  the  errors  in  the  measurement  of  target  co¬ 
ordinates  with  an  accuracy  adequate  for  practical  purposes. 

The  accuracy  with  which  range  is  measured  depends  on  the  accuracy 
with  which  the  delay  in  the  reflected  signal  is  measured,  on  errors  because 
of  less  than  optimum  processing  of  the  signals,  on  the  presence  of  unantici¬ 
pated  delays  in  the  signal  in  the  transmission,  reception,  and  Indication 
channels,  and  on  random  errors  in  the  measurement  of  range  in  the  scopes 
used. 


The  errors  in  the  scopes  are  the  result  of  instability  in  the  scale 
markers,  and  of  errors  in  reading.  The  latter  is  a  compound  of  the  error  in 
establishing  the  center  of  the  marker  and  errors  in  interpolation  (see 
Chapter  SC) . 

The  potential  accuracy  in  the  radar  range  measurement  can  be  characterized 
by  the  mean  square  error,  O"^^,  equal  to 


where 


pot 


= 


,rs?r 


(2.27) 


V  is  the  value  of  the  visibility  factor  for  one  pulse, 

v  one 

The  mean  square  error  in  measuring  the  range,  is,  naturally,  larger 
than  the  potential  mean  square  error  a  .  It  is  equal  to 

pot 


(2.28) 


where 


Vjj  is  the  accuracy  impairment  factor  for  a  real  radar. 
YR  *  1.5  to  15  s  depending  on  the  radar. 

The  factor  yR  can  be  represented  is,  the  fora 


where 


yD  =V1  +  c2  /c2  .  +  Xa2/c2  „  ,  (2.29) 

Tft  >  prop  pot  1  pot  ’ 

is  the  error  caused  by  the  curvature  in  the  trajectory  over 
which  the  radio  waves  are  propagated  j 
3^  is  the  error  in  the  device  in  the  radar. 

The  calculation  of  the  error  in  can  be  made  with  sufficient  accuracy 


prop 


even  if  it  is  taken  that 


yr  =Vx  t  4yc^>f 


(2.30) 


where 


C .  .is  the  mean  square  error  in  the  indicator, 

inc 
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2.15  Accuracy  in  limuth  Measurement 

Systematic  errors  in  measuring  the  azimuth  can  occur  when  the  radar 
antenna  array  is  not  oriented  accurately  and  because  of  non-correspondence 
between  the  position  of  the  antenna  and  the  electrical  scale  of  the  azimuth 
scale. 

liar,  dam  errors  in  measuring  target  azimuth  result  from  instability  in 
the  operation  of  the  antenna  rotation  system,  instability  in  the  circuit 
that  fonts  the  azimuth  markers,  and  from  errors  in  reading. 

The  mean  square  error  in  measuring  the  azimuth,  is 

CT„  0Y3/TT  •  cp.  -/"V  -  v  -  (2.31 ' 

0  1  '  1  v  one  '01 


where 

y  is  the  accuracy  impairment  factor  in  determining  the  azimuth  for 
B 

a  real  radar;  it  is  established  through  a  formula  similar  to  that 
used  to  establish 
^  and  are  in  degrees. 

2. 16  Accuracy  in  Elevation  Measurement 

The  accuracy  with  which  elevation  is  measured  Can  be  established  by 
virtually  the  same  factors  as  apply  to  the  accuracy  in  measuring  azimuth. 

The  mean  square  error  in  measuring  the  elevation  can  be  assessed  through 
a  formula  similar  to  the  one  at  (2,31) 


=  73  At 


where 


(2.32) 


0A  -  and  a  are  in  degrees; 

€ 

Y£  is  the  accuracy  impairment  factor  in  the  determination  of  the 
elevation  by  a  real  radar. 


2.17  Accuracy  in  Height  Measurement 

In  accordance  with  the  formula  at  (1.76),  the  error  in  measuring  the 
height  is  a  combination  of  the  error  in  measuring  the  range  and  the  error 
in  measuring  the  elevation,  and  can  be  established  through  the  equation 


c/t 


.  fsinc  +  -i-  0^  cos  1, 


where 

<?lp^  are  in  meters; 

c?  is  in  radians, 
e 
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2- lS  Indorsation  C..  .lability  of  a  Radar 

Radars  -provide  information  on  the  coordinates  of  all  targets  within 
the  scanning  zo..e  of  the  radar,  on  the  characteristics  of  the  targets,  and 
on  their  accessories.  Information  from  the  radar  can  be  evaluated  qualita¬ 
tively  and  quantitatively. 

The  quality  of  the  information  is  the  volume  of  data  on  the  targets, 
on  data  accuracy  and  resolution. 

Information  can  be  assessed  quantitatively  by  various  criteria. 

The  information  content  I  (in  bits).  Can  bo  established  as  follows, 
for  example 

J  ^  nH(X)  bits  (2.34) 

where 

ft  =  V  /fiV  is  the  number  of  elements  in  the  information? 
scan 

V  is  the  volume  of  the  scan  zone  for  the  radar; 

scan 

6  V  is  the  resolution  volume; 

h(X)  is  the  entropy  (see  Chapter  XVI ) ; 

X  is  the  system  of  events. 

Information  here  is  understood  to  mean  the  possible  number  of  resolution 
volumes T  5Vt  in  the  radar's  scan  zone  voLume,  vscan- 

The  most  widely  disseminated  system- of  events*  X,  in  radar  consists 
of  two  events,  of  equal  probability:  "there  is  a  target,"  in  the  resolution 
volume,  and  "there  is  no  target"  in  the  resolution  volume,  or 


where 

p,  is  the  probability  of  event 

is  the  probability  of  event  x2- 
In  this  case  the  entropy  is 
* 

/■/(JO  — —  2A!oj.^  =  (0,Slo;.0,5-r0, 5102-0,5)  =  l  bit/el eraent, 

uai 

and 

I  -=  n  (2.35) 

that  is,  the  information  content  is  equal  to  the  number  of  elements,  its 
components. 

The  technical  informational  capacity  (the  information  content)  of  a 
radar  can  bo  evaluated  through  the  formula 


“  -  Bain)Aft  Ae/6H  **  5€’ 

where 

R  ,  R  ,  are  the  operating  limits  for  the  radar  in  range: 
maac’  min 


(2.36) 
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Ap ,  are  the  scanning  sectors  for  the  radar  in  azimuth  an 3 
elevation,  respectively; 

6R,  6c  arc  the  resolutions - 

The  rate  (technical)  information  cart  be  obtained  frets  the  radar  is 


where 


C.  u  . /T  , 

Tech  tech  scan’ 


(2-37) 


T  is  the  scan  period, 

scan 

The  practice  often  is  to  evaluate  the  information  capacity  of  a  radar 
by  the  number  of  targets  and  the  number  of  pieces  of  data  on  each  target  in 
fact  received  in  unit  time,  that  is,  the  real  rate  at  which  information  is 
received-  This  latter  factor  is  sometimes  called  the  tactical  information 
capacity  and  is  established  in  the  following  manner 


where 


C  *=  60mn/dt  locations  per  minute 


m  is  the  number  of  targets  being  worked; 
n  is  the  number  of  pieces  of  data  on  the  target; 
At  is  the  capacity  for  information  presentation. 


2.19  Radar  Icmunity  to  Jamming 

A  radar1  s  immunity  to  jamming  means  its  Capacity  to  retain  tactical 
and  engineering  characteristics  in  the  face  of  the  effects  of  various  types 
of  radio  frequency  interference. 

The  effect  of  the  jamming  appears  in  a  reduction  in  the  signal/noise 
energy  ratio  at  the  input  to  the  radar  receiver-  The  result  is  that  the 
target  can  be  detected  with  a  given  probability  at  shorter  ranges,  or  cannot 
be  detected  at  all. 

The  quantitative  criteria  for  evaluating  the  immunity  of  a  radar  to 
jamming  can  be  quite  different. 

It  is  customary  to  evaluate  the  immunity  of  the  radar  to  jamming  by  its 
operating  range  in.  the  face  of  the  jassniag- 


PJJC 
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Figure  2.8.  Schematic  diagram  of  the  location  Of  the  jammer  and  the 
target  covered  by  the  jamoer. 

A  -  radar;  3  —  R.  ;  C  -  jammer;  D  -  target;  E  —  R' . 
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the  reiihr  operative  range,  R' ,  in  tho  presence  of  noj.se  ;irm:ing  pro- 
duccU  by  The  ja:.a»uio  transmixter  docs  not  coincide  with  the  range  to  the 
victim  (fig.  2*8),  but  equals 


where 


a* 


(2-39) 


R  is  the  radar  range  when  jamming  is  absent; 

K  i*  the  distance  from  the  radar  xo  the  jamming  transmitter; 

P* .  .  hF  are  sensitivity  limit  and  radar  receiver  bandwidth; 

1  in  sian 

gly.  ,  3--)  i*  -he  radar  anxenna  gain  ifl  tfc«  direction  to  tile  gaaming 

J  t  J  l» 

t ran  suit ter j 

G^  is  the  jammer  transmitter  noise  power  density,  vtttc/hertz; 

^jam  *S  radar  antenna  gain  for  the  janming. 
it  the  jamming  transmitter  is  aligned  with  the  victim 


R'  =  R%^2ph,  KUr'2  *  (a**» 

where 

°max  is  xhe  maximum  gain  lor  the  radar  antenna- 

ivhen.  jamming  occurs,  the  range  of  the  radar  not  immune  to  jamming  can 
be  reduced  to  the  point  where  it  can  be  considered  as  completely  jammed,  for 
all  practical  purposes.  This  is  why  «  variety  of  measures  are  undertaken 
to  improve  the  immunity  to  jamming  of  radars  (see  Chapter  XT). 

The  literature  on.  the  subject  points  out  that  a  radar  can  be  made 
iucune  to  jamming  by: 

operating  the  radar  over  a  wide  band  and  by  rapid  frequency  changing; 
jcultichannel  radar  construction; 
high  energy  potential  for  the  radar; 

reducing  the  level  of  the  side  lobes  in  the  antenna  pattern; 
by  changing  the  pulse  repetition  frequency; 
by  controlling  the  polarization  of  the  radiated  signal; 
by  expanding  the  dynamic  range  of  the  receiver-indicator  channel; 
special  types  of  n*>dulation  of  the  radiated  oscillations; 
special  methods  of  processing  the  incoming  signals; 

the  use  of  various  devices  and  anti  jam  circuits  in  the  receiving  and 
signal  processing  channel  - 


2.20  Climatic  Condi  Lions 

The  radar  should  be  able  to  function  in  all  types  of  climatic  conditions. 
The  permissible  limits  for  temperature,  humidity,  pressure,  and  wind  velocity 
in  which  the  radar  can  retain  its  capacity  to  perform  are  usually  given. 
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Pcspcrature,  bumidity,  and  atmospheric  pressure  have  a  direct  influence 
on  the  uiiliiy  oi  the  various  units  ar.d  devices  in  the  radar  to  perform 
their  functions. 


2.21  Radar  Engineering  Data 

Radar  engineering  data  are  the  values  of  the  magnitudes  contained  in 

the  radar  equation,  as  veil  as  a  number  of  other  engineering  characteristics 

of  the  principal  devices  in  the  radar.  Principal  among  them  are: 

the  operating  wavelength,  or  the  wave  band; 

radiated  power,  P  ( 

receiver  sensitivity.  P  .  ; 

rec  min 

antenna  gain,  g^; 

widths  of  the  radiation  pattern  in  the  horizontal,  9  ,  and  vertical, 

planes; 

pulse  repetition  frequency,  F^; 
antenna  rotation  rate,  n^; 
tiie  power  required  by  the  radar; 
pulse  length, 
receiver  passband,  £F. 


2.22  Wavelength 

The  dimensions  of  the  antenna  array  for  the  required  values  for  the  width 
of  the  antenna  radiation  pattern,  and  the  directive  gain,  depend  on  the  radar 
operating  wavelength  selected. 

Taken  into  consideration  -when  selecting  the  wavelength  are  the  possibili¬ 
ties  of  obtaining  the  necessary  power  from  the  transmitter,  and  providing 
the  required  receiver  sensitivity-  Taken  into  consideration  as  well  as  the 
absorption  and  scattering  features  of  weather  conditions  (clouds,  rain,  snow) 
and  ‘•'f  the  atmosphere  (oxygen  and  water  vapor). 

The  equation  at  (1-43)  can  be  written  in  the  fora 


-V 


p,rA^> 


rec  min 


(2-41) 


The  range  of  a  specific  radar,  and  the  magnitudes  of  P  .  S  ,  ? 

p  A  rec  xii 

which  are  given,  increases  with  a  decrease  in  the  wavelength  because 
R~ViA-- 

This  dependence  of  k  on  \  can  be  explained  by  the  improvement  in  the 
directional  properties  of  an  antenna  with  specified  geometric  dimensions 
with  reduction,  in  1. 


*  It  is  taken  that  0^  =  constant,  regardless  of  X- 
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Usually  measured  when  tuning  a  radar  is  tbe  frequency  of  the  radiated 
oscillations,  f,  which  can  he  found  for  the  wavelength  through 


where 


X  = 


3-10* 

1  ' 


(2.42) 


\  is  in  centimeters; 

-  is  in  nHz. 

Creator  accuracy  in  determination  of  coordinates  and  resolution  can 
be  realized  more  readily  at  the  shorter  wavelengths  in  the  radar  range. 


2.23  'Transmitter  Power 

The  power  radiated  by  a  radar,  P  ,  is  practically  always  characterized 

by  the  transmitter  pulse  power,  P  - 

P 

These  powers  are  associated  by  the  relationship 


Prad  -  Vp’  <2*43) 

where 

Tj  is  the  efficiency  of  the  antenna  feeder  system. 

Transnitxer  pulse  power  is  understood  to  mean  the  Average  power  delivered 
to  the  feeder  system  by  the  transmitter  while  the  pulse  lasts. 

Pulse  power  and  Average  transmitter  power  over  the  pulse  sequence 
period,  are  associated  by  the  relationship 


P  *  P  /t  F  r 

p  nv  p  p 

where 

t  is  the  pulse  length,  in  seconds; 

? 

F  is  the  pulse  sequence  frequency  in  Hz. 
P 

From  (2.44) 


(2.44) 


P  =  t  F  P  . 
AV  P  P  P 


Transmitter  energy  is 


P  T 
P  P 


P  T  . 
av  p 


(2.45) 


(2.46) 


-4  — 

Radar  range  is  R  Vp’  *s»  **  *s  primarily  determined  by  trans¬ 

mitter  energy. 

An  increase  in  range  is  obtained  by  increasing  the  transmitter  pulse 
power  for  a  given  pulse  length,  and  conversely  for  a  specified  pulse  power 
the  radar  range  will  increase  with  lengthening  of  the  pulse.  It  is  precisely 
this  latxcr  variant  that  can  be  realized  in  the  radar  using  intrapulse  fre¬ 
quency  modulation  and  intrapulse  phase  shift  keying. 
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2.24  Receiver  .lensitlvltv 

Real  receiver  sensitivity,  ^  is  the  miniam  input  signal  pcwer 

a.t  which  it  is  still  possible  to  receive  ana  detect  reflected  signals  with 
a  given  probability. 

Signal  detection  takes  place  against  tbo  background  of  the  noise  in- 
herenz  in  the  receiver,  so 


where 


P 

rec  min 


V  P 


V  A 


O’ 


(2.47) 


P  _  is  the  noise  power  in  the  receiver  ptssband  at  temperature 
n  o 

Tq  (see  Chapter  VIII); 

is  the  visibility  factor  (see  the  formula  at  1.47). 

In  the  equation  at  (2.41),  the  receiver  sensitivity  is  expressed  in 

watts.  The  higher  the  receiver  sensitivity  (the  lower  P  .  )  the  greater 

^  rec  win 

the  radar  range  because  B  —  l/VTp  .  . 

\f  rec  tin 

Receiver  sensitivity  is  often  expressed  in  decibels 


P 

rec  min 


Cdb] 


10  109  Prl/?rec  ^ 


(2.4$) 


The  reading  level  is  taken  as  F  .  *  10~^  watt,  or  P  -  10~^  watt  = 

rl  -14  ri 

■=  1  milliwatt «  For  example,  P  .  =  10  watt  corresponds  to  90  db 

•  rec  min 

with  respect  to  -  10  watt  or  110  db  with  respect  to  P^  *  1  milliwatt. 
In  the  watt er  case  it  is  said  that  the  sensitivity  is  expressed  in  decibel- 
milliwatts. 


2.25  Antenna  Gain 

The  antenna  gain  characterises  the  directional  properties  or  the  antenna 
array  (see  Chapter  IV). 

The  antenna  gain,  gA,  is,  for  all  practical  purposes,  equal  to  the 
antenna’s  directive  gain,  C,  because  the  radar  antenna  efficiency  is 
extremely  high  ("]A  l).  This  is  why  the  antenna's  directive  is  often 

used  instead  of  the  gain.  The  directive  gain  is  associated  with  the  capture 
area  of  the  antenna,  S^,  by  the  relationship 


G  =  4t7Sa/>*.  (2.4?) 

With  this  relationship  in  mind,  the  equation  at  (2.4l)  can  be  written 
in  the  form 

(2.50) 


=  P  G"G  12/64tt3P 

p  t  rec  min 


There  is  a  significant  dependence  of  radar  range  for  a  specified  working 
wavelength,  that  is,  when  \  «  constant,  on  the  directive  gain  because 
R  — ^  G.  Today,  -antenna  siza  is  often  increased  in  order  to  increase  radar 


range. 
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2.26  Kctoiition  Frequency 

The  maximum  repetition  frequency,  F^,  of  the  main  pulses  should  satisfy 
the  following  condition  ir.  order  to  have  unambiguous  det ermi nation  of  targets 
at  specified  ranges 


where 


F 

P 


<  c/2R  k 

max  ^  '  max  a 


(2.31) 


c  is  the  rate  of  propagation  of  radio  waves; 

!c^  is  the  assurance  factor,  equal  to  1.15  to  1.25. 

Consequent  ly 

?  ^ «  1.3-105/R  ,  (2.5E) 

p  nat  max 

where 

R  is  in  kilometers, 
max 

At  the  same  time,  the  pulse  repetition  frequency  should  be  such  that 
for  a  specified  space  scan  rate  the  number  of  pulses,  X  ,  illuminating  the 
target  will  be  adequate  to  detect  the  target  with  a  specified  probability. 
With  these  considerations  in  mind,  it  is  customary  to  provide 


F 

P 


min  ' 


N  .  AS  Ae/T  o_ 
p  man  scanvO« 


5®o.5‘ 


(2.53) 


For  surveillance  radars,  and  with  the  propagation  time  for  electro¬ 
magnetic  energy  to  and  from  the  target  taken  into  consideration, 


where 


?  .  > 
p  min  ^ 


0.5 


1-5*10 


(2.54) 


n^  is  antenna  rptn; 
c  is  in  degrees; 

R  is  in  kilometers, 
nax 

There  is  no  need  to  observe  the  condition  at  (2.51)  -  if  the  radar  is 
fitted  out  to  eliminate  ambiguity  in  target  determination.  In  such  case 
the  pulse  repetition  frequency  can  be  three  to  five  times  higher. 

The  pulse  repetition  frequency  establishes  the  number  of  pulses  in  the 
train  for  a  given,  antenna  radiation  pattern  width,  and,  as  a  result,  the 
effect  on  the  visibility  factor  for  the  receiver- indicator  channel;  that  is, 
on  the  observability  of  the  signal  on  tho  scopes. 


2.27  Antenna  Rotation  Rate 

With  the  conditions  stipulated  by  the  equation  at  (2.6)  in  mind, 
the  relationship  at  (2.5)  can  be  written  in  the  form 
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n.  «r  60F  <*,  /X  .  43. 

A  ^  p~C  -  /  p  mxot 


(2-53) 


nntemu  rotations,  n^,  should  not  exceed  a  predetermined  .number  for 
specified  values  of  F^,  end  scanning  sector  A3  ■»  otherwise  it  can 


be  difficult  to  observe  the  reflected  signals  because  of  the  lov  Jf 
For  radars  with  circular  scan,  when  Ap  =  360®, 


p  mm 


nA  <  Fp-0.5/6-Np  Bin' 


(2.56) 


Other  of  The  engineering  characteristics  of  radars  will  be  reviewed 
in  subsequent  chapters. 
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Chapter  III 

Radio  Wave  Propagation 


3-1  The  Spectrum  or  Electromagnetic  Oscillations 

Electromagnetic  oscillations  cover  the  wave  band  from  10~^*  to  3 "10^  cm. 
Included  are  radio  waves,  infrared  rays,  visible  light,  ultraviolet  rays, 
X-rays,  and  gnmma  rays-  In  the  spectrum  of  electromagnetic  oscillations, 
radio  waves  occupy  the  band  of  wavelengths  from  100  lm  to  0*3  mm,  or  fre¬ 
quencies  from  3  kHz  to  10^  mHz. 

The  USSR  divides  radio  waves  into  the  oands  listed  in  Table  3-1. 


Table  3*1 

Classifications  of  radio  wave  bands  adopted  in  the  USSR 


?Jame  of  band 

Uitralong 

waves 

Long 

waves 

Medium 

waves 

Short 

waves 

Ultrashort 

waves 

Vavel-engths, 

1COOOO  - 

10000- 

1000  - 

100  - 

10  -  0.0003 

neters 

IOOOO 

3*io-3  - 
3-10-2 

1000 

100 
_  -1 

10 

,  e 

Frequency, 

mHz 

3-10  *  - 
3-10-1 

3*10  - 
3 

3  -  3*10 

3*10  -  10 

The  ultrashort  wave  band  is  divided  into  the  sub-hands  indicated  in 
Table  3*2* 

The  United  Stares  and  England  have  adopted  the  classifications  and 
designations  for*  radio  wave  bands  listed  is  Table  3*3. 

Table  3.2 

Classifications  of  the  ultrashort  wave  band  adopted  in 
the  USSR 


Xante  of  sub¬ 
band 

Xeter 

waves 

I^eciiaeter 

waves 

Centimeter 

waves 

Millimeter 

waves 

Vavel  engths, 
meters 

10-1 

1  -  0.1 

0.1  -  0.01 

0.01  -  0.0003 

Frequency, 

mHz 

3-10  - 
3-KT 

3-1C2  - 
3*10^ 

3-103  -  3*  10** 

3-104  -  106 
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Tabic  3.3 

Classifications  of  ultrashort  ware  bands  adopted  in  the 
United  States  and  England 


Designations  adopted 

-Vocuency 

band, 

gigahertz 

\ ,  =™ 

ia  the  United  State* 

in  England 

? 

p 

0.225—0,390 

i33,5— 7G.90 

].?  —  Lz 

L 

0,390-1,350 

76,50-19,30 

St i  — Sfc 

1,539-3,  SO 

19,3 — 7,C9 

/• 

w 

.0* 

'  3,90—0,20 

7,G9 — 4,84 

Si  -  X  ; 

X 

6.20—10,90 

4.84—2,75 

■ 

Kp-Ki 

J 

10.50-p17,2S 

2.73—1,74 

&-K1 

K 

17,25—33,0 

1. 74-0, 91 

Q 

33.0-46,00 

0,9!-lo.fi5 

Va  —  Vff 

* . 

V 

•10,0—52,0 

0,65—0,54 

3.2  Electromagnetic  Field  Characteristics 

The  speed  of  free  propagation  of  radio  waves  in  an.  unbounded  medium 
with  a  dielectric  constant  e  and  a  permeability  p.  can  be  established  through 
the  formula 


v  = 


1 


(3.1) 


This  speed  is  equal  to  the  .speed  of  light,  c,  in  free  space  (in  a 
vacuum).  For  free  space 


and 


1 

e°~  “36-10* 


c  f  axad/met  er  ] 


(3-2) 


«o  =  10“ 7  £  farad/ met  er  ]  ' 

The  electromagnetic  field  can  he  characterized  by  the  intensities 
of  the  electrical  (E,  volts/meter)  and  magnetic  (H,  amp/meter)  fields. 

The  energies  moved  by  the  electromagnetic  wave  are  concentrated  in 
part  <V2)  in  the  electrical,  and  in  part  in  the  magnetic  fields.  The 

volume  densities  of  these  energies  axe 


Wc=-^-'  [  joules/nP  ] 

(3.3) 

Ijoules/m3] 

(3-4) 
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Tiie  ir.T onsity  at  which  the  energy  is  moved  can  be  characterized  by  the 

O 

power  flow  density  (n,  watts/m~),  that  is,  by  the  flow  of  energy  over  unit 
surface  per  second.  The  direction  in  which,  the  energy  is  moved  CAB  be 
detcrtiined  by  the  Umov-Poynting  vector 

n~[EFi\.  Cs.5) 

In.  the  electromagnetic  >field  created  by  an  isotropic  radiator  (that 
is,  by  a  radiator,  the  field  power  flow  density  of  which  is  the  same  in  all 
directions)  the  ma'jnit'ide  of  the  power  flew  density,  averaged  over  tho  period 
of  oscillations,  equals 


where 


n  =  3- 


(3-6) 


Pr  is  the  power  radiated  by  the  source; 

R  is  the  distance. 

Trj  wave  front  is  the  surface,  all  points  on  which  have  the  same  phase, 
that  is,  the  surface  at  each  point  on  which  radio  waves  radiated  by  the  an¬ 
tenna  in  different  directions  arrive  at  the  same  tine#  In  the  case  of  a 
point  source  the  w«ve  front  is  spherical,  and  in  the  case  of  a  linear 
source  the  wave  front  is  cylindrical.  A  small  section  of  the  wave  front 
is  a  plane  perpendicular  to  the  direction,  of  propagation  at  long  distances 
from  the  source.  The  wave  is  called  a  plane  wave  in  this  case. 

The  amplitude  of  the  field  in  a  plane  wave  propagated  without  attenua¬ 
tion  does  not  change  with  distance.  In  the  spherical  wave  it  changes  in 
proportion  to  l/R,  and  in  the  cylindrical  wave  it  changes  in  proportion  to 

l/iRl 

The  ratio  Of  field  amplitudes  in  a  plane  wave  propagated  in  any  medium 
is  constant  and  is  called  the  wave  impedance  of  the  medium 


>-4- 

The  wave  imgedance  of  free  space  equals 


(3-73 


Og.-=y  *t^l2D==;377  olios 
Tbe  average  power  flow  density  in  free  space  is 


(3-3) 


TT-OT-SWP.- 

where 

E  and  K  are  the  amplitude  values* 

The  rate  at  which  the  wave  is  de phased  (q)  with  distance 


2 


(3-9) 


(3.10) 
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is  callcs  xtie  phase  factor,  or  phase  constant. 

In  an  absorbing  ncdino  the  aoplixnde  of  the  plane  wave  field  diminishes 

-2D 

£  -  £q10  1  ,  (3.11) 


-3’D 

£  =  £Q«  ,  (3-12) 

Is  the  attenuation  constant  in  nepcrs/icilcneter; 
g'/0-115  is  the  attenuation  constant  in  db/kilometer; 
is  the  amplitude  of  the  field  at  the  input  to  the  absorbing 
medium; 

is  the  amplitude  of  the  field  at  distance  from  the  input  to 
the  absorbing  medium. 

Region  profoundly  effecting  the  propagation  of  radio 
_ waves _ 

The  propagation  of  radio  waves  from  their  source  to  the  point  of  ob¬ 
servation  is  within  a  definite  region,  in  the  main.  This  region,  is  on 
ellipsoid  encompassing  several  first  Fresnel  zones  (fig.  3-1)-  The  Fresnel 
tones  are  sections  of  the  wave  front  of  a  size  such  that  the  phase  of  a 
wave  moving  from  the  source  through  the  initial  zone  dii  fers  from  the  phase 
of  a  wave  moving  through  the  edge  of  this  zone  by  l30°. 


where 

9‘ 

9 


Figure  3.1.  Region  profoundly  effecting  the  propagation  of  radio 
waves. 

a  -  1st  zone;  b  -  2nd  zone. 

The  first  Fresnel  zone  is  a  circle,  the  center  of  which  lies  on  the 
line  between  the  source  and  the  point  of  observation,  and  is  the  origin 
of  the  zone.  The  second,  and  subsequent,  zones  are  annular  belts,  each  of 
which  encompasses  the  preceding  zone.  The  phases  of  the  fields  at  the 
boundaries  of  neighboring  zones  differ  by  l80°- 

3-3  The  Influence  of  the  Ground  on  the  Propagation  of  Radio  Vaves 

The  ground  effects  the  propagation  of  radio  waves  because  some  of  the 
energy  from  the  radiation  source  reaches  the  ground  and  is  reflected  from 
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it.  This!  results  in  two  wave;,  the  direct  wave  and  tb*  reilected  wave, 
appearing  at  the  observation  site  (fig.  3.2).  Sore  of  the  energy  is  ab¬ 
sorbed  by  the  earth. 


Figure  3.2.  Interference  of  the  direct  and  reflected  wares. 


Reflection  coefficients 

The  complex  amplitude  of  the  field  of  the  reflected  wave  (E^^)  is 

determined  by  the  amplitude  of  the  field  of  the  incident  wave  (E.  ).  by 

me 

multiplying  the  latter  by  some  factor,  called  the  reflection  coefficient 
(Kref).  Ir.  accordance  with  the  determination 


R  ,  =  E  VE. 
ref  ref  me 


J9 


Rref  •’ 


ref 


(3-13) 


where 


3^^  is  the  change  in  the  phase  of  the  wave  upon  reflection,  or 
The  phase  of  the  reflection  coefficient- 
The  modulus  and  the  phase  of  the  reflection  coefficient  depend  on  the 
polarization  of  the  incident  wave  and  the  electrical  parameters  of  the  soil, 
on  the  dielectric  constant,  and  on  the  conductivity  C. 

For  horizontal  and  vertical  polarizations,  the  reflection  coefficients 
can  he  established  through  the  formulas 


ri  _  >Ia  G  —  yV-^CDS^G  1  r\  I  J5_ 

- !  A!«*. 

*  ui  0-*-  V  •  — COi-0 
5  is  the  angle  of  slip  of  the  radio  beam  (fig.  3*2;; 

*■'  —  =  t, — Jrt  is  the  relative  dielectric  constant  for  the  soil; 


where 


(3.14) 

(3-15) 


7]  -  (Sole  is  the  imaginary  part  of  e1; 
e  ^  is  the  real  part  of  c 1  . 

The  moduli  and  phases  of  the  reflection  coefficients  ore  found  by  using 
the  curves  (figs*  3*3  -  3-8]  plotted  through  the  use  of  the  formulas  at 
(3.14)  and  (3-15).  A  parameter  conaaon  to  all  curves  is  the  magnitude  T], 
the  value  of  which  is  plotted  on  the  sloping  scales  individually  for  the 
vertical  and  horizontal  polarizations- 
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The  eleci ricaj  parameters  or  selected  soils  Jgd  water  are  listed  in 
Ta Om q  3-4. 


Table  3-4 

Electrical  parameters  of  selected  soils  and  of  vater 


In  the  meter  wave 

band 

Soil,  water 

e 

r 

Cl 

mho/m 

from  to 

from 

to 

ica  water 

80 

0.66 

6.6 

Vet  ground 

5  20 

10-3 

w 

1 

o 

H 

Dry  ground 

2  6 

10‘4 

4-10-3 

Fresh  water 

80 

? 

O 

H 

? 

o 

H 

l 

v\ 

In  the  centimeter 

’  wave 

band 

Soil,  water 

E 

<j ,  mho-m 

Sea  water,  20-23® C 

10 

69 

6-5 

Dry,  sandy 

9 

0*03 

Vet  sandy 

9 

24 

0.6 

10 

79 

2.06 

fresh  water,  -c20°C 

3 

64 

18.4 

Extuaple.  Deteraiac  the  modulus  and  phase  of  the  reflection  coefficient 
when  polarization  is  vertical  and  6  «  1°.  A  radar  with  1  «  3  meters  is 

located  on  soil  that  can  be  categorized  as  vet  ground. 

_2 

From  Table  3-4  we  us*  er  -  10;  <j  -  10  mho/m*  Ve  determine  the 
imaginary  part  of  the  dielectric  constant  to  be 
Ti  «  60ao  -  60-3-10-2  -  1.8. 

Va  find  the  solid  line  for  7|  =  1  on  the  curve  (fig.  3.5)  along  tbe  left 
sloping  scale  of  values*  Let  us  now  draw  a  lino  parallel  to  this  line  and 
corresponding  to  71  =  2  to  its  point  of  intersection  with  the  vertical  line 
for  Sal0*  Let  us  now  take  the  point  of  intersection  to  the  right  to 
the  axis  of  the  value  for  R^  where  we  find  =  0.88*  The  point  of  inter¬ 
section  of  the  line  for  7]  =  2  lies  below  the  base  of  the  curve  on  the  curve 
for  phases  of  the  reflection  coefficient ^ (fig.  3-8).  Ve  will  therefore  take 
3v  =  l80°  as  an  approximation* 

The  interference  coefficient  (the  ground 
coefficient) 

The  field  at  any  point  above  the  ground  can  be  obtained  as  a  result 
of  the  superinposition  (interference)  of  the  field  of  the  incident  wave  and 
xhe  field  of  the  wave  reflected  from  the  ground.  The  complex  amplitude  of 
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tho  resultant  field  \E  )  is  determined  by  the  amplitude  of  the  field  of 
res 

the  incident  wave  by  multiplying  the  latter  by  a  coefficient  called  the 
interference  cocf i  icicnt ,  or  the  ’’ground  coefficient11  [$(0)].  The  inter¬ 
ference  coefficient  in  the  case  of  horizontal  (^(0)]  and  vertical  [^(0)] 
polarizations  can  be  established  through  the  formula 

ftJJ  +  2!^J^^«c0+&.,),  (3-16) 

where 

h  is  x he  height  of  the  source  of  radiation  above  the  surface  of  the 
A 

ground. 

Whan  the  soil  can  he  considered  t-0  be  a  good  conductor  <TJ  >  Sr)i  the 
ground  coefficients  equal 

d^{6}=  2 sir.  sinG) .  0-17) 

«!>,{0)=2cos^— Sinsj.  (3 -IS) 


figure  3-3.  Graphs  for  the  moduli  of  the  reflection  coefficients  os 

functions  of  the  angle  of  slip  for  various  values  for  the 
parameter  7]  =  60Xc  vtaen  =  4* 

-  vertical 

-  - - horizontal 


; 


2  3  *  i  £  S  t 

OJ 


2  3  4  5£  i  t 


ZOOM 


2  3*  56  3  1 

bjbu 


2  J  4  j  f  St 


Figure  3.8.  Graphs  for  tbs  moduli  of  the  reflection  coefficients  as 

functions  of  the  angle  of  slip  for  various  values  for  the 
parameter  7}  when  er  ■  80. 

-  vertical 

—  —  -  —  horizontal 


Region  profoundly  effecting  the  reflection 

Since  there  is  a  region  in  space  that  profoundly  effects  the  propagation 
of  radio  waves,  there  is  also  a  region  on  the  earth's  surface  that  profoundly 
effects  reflection.  This  region  is  a  section  of  the  surface  of  the  earth 
of  the  ellipsoid  encompassing  at  least  the  first  Fresnel  zone  (fig-  3-9)- 
Thorefore,  the  region  profoundly  effecting  the  reflection  is  an  ellipse  that 
at  least  contains  the  first  Fresnel  zone. 

Vh«c  the  location  of  air  targets  is  such  that  the  antenna  height  (hA) 
is  considerably  less  than  target  height,  the  position  and  the  dimensions  of 
this  ellipse  can  he  established  through  the  following  approximate  relation¬ 
ships: 

distance  from  the  antenna  to  the  center  of  the  ellipse 


lenQth  of  the  major  axis  of  the  ellipse 


(3-19) 


3-20) 
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Figure  3-9-  Region  profoundly  effecting  -the  reflection  of  radio  waves 
from  the  earth's  surface. 

a  —  in  the  vertical  plane;  b  -  in  the  horizontal  plane. 

length  of  the  minor  axis  of  the  ellipse 

6t  =  2,82Aa.  (3.21) 

The  nature  of  the  reflection  should  be  specular  in  the  region  pro¬ 
foundly  effecting  the  reflection*  This  means  that,  the  permissible  irregulari¬ 
ties,  J,h^,  in  the  reflecting  surface  should  meet  the  condition 

**<TO8  (3-22) 

The  radius  of  the  area  around  the  radar  in  the  case  of  specular  re¬ 
flection  is 

\r*a  =  +  <3-23) 

Example.  Determine  the  dimensions  and  permissible  irregularity  in  the 
area  around  an  antenna  with  height  =  6  meters.  The  radar  is  operating 
in  the  circular  scan  code  on  a  wavelength  of  X  =  2  meters. 

Solution 

ir 

Xu  ss  12  =  12  -£•■  =  216  met  ers , 

*  11.3  -A  =  21.3  JL  =  202  meters, 

a.  =  iyP2J:k  =  2.S2-G  =.  1G.B  meters* 

The  radius  of  the  area  around  the  antenna  is 

R  =  +  a.  «  21C  4-  202  =  4M  Jnetera. 

area 

The  sizes  of  the  permissible  irregularities  are  Ceterair.ee  at  the  origin 
of  the  area  (B  =  3  )  and  in  its  center  O  -  6  )- 
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In  this  case 


■a  *a  C 

sin  —  .■■  2  —  1$% 

Y(.Ji «-.«,)>+*£  ^ 


m. 


The  permissible  irregularities  at  the  origin  of  the  area  are 

**?»<  uiii:iec~T^7~0‘3  “eter- 

The  permissible  irregularities  in  the  center  of  the  area  are 


A*/c< 


J  6  >ia  0C 


-~  =  4,5  meters. 


Reduced  heights.  Line  of  sight. 

So-called  reduced  heights  (h*A  and  H»)  oust  be  used  in  the  calculations 
that  utilize  the  interference  formulas,  for  these  take  into  consideration 
the  sphericity  of  the  earth.  They  are  computed  through  the  following 
formulas 

fil=As— (3-24) 

<3-*5> 

where 

T>  is  the  distance  between  the  observation  and  radiation  points; 

R  =  6370  kilometers  and  is  the  radius  of  the  earth, 
c 

The  sphericity  of  the  earth  is  what  causes  a  shadow  region  below  the 
iin»-  of  the  horizon  {fig-  3.10),  as  a  result  of  which  location  is  only 
possible  from  the  boundary  of  that  region  when  line  of  sight  to  the  target 
i  -.  fcstabiishec.  i-ine  of  sight  <D^)  is  established  through  the  formula 

DJ_  =  yHTe(yT^  +  YTi).  '(3.26) 


figure  3-10.  Target  line  of  sight-  1)^  -  geometric;  D  -  with 

refraction  of  radio  waves  taken  into  consideration. 
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3  "j-..*  I;t- l-n  nv~c  of  'v ' '■  c  Tron&^phor->  on  tho  Propagation  oi~  R^ds.0  Waves 

c  troposphere  is  the  lower  -.'dory  of  the  atmosphere,  extending  to 
height*  of  10  t q  12  kilometers,  I.  contains  air  gases,  water  valors,  and 
hydro  act  cor  s.-  The  electrical  pare.  ers  of  the  troposphere  are  determined 
by  its  meteorological  condition  at.  -vinospheric  processes,  and  these  depend 
on  how  the  troposphere  is  heated  by  the  earth,  and  on  weather  conditions. 
The  result  is  that  the  following  effects  occur  in  different  ways  in  the 
troposphere: 

refraction  of  radio  waves? 

scattering  of  the  radio  waves  by  discontinuities; 
absorption  of  radio  wave  energy; 
attenuation  of  radio  waves  by  hydrometeors. 


Figure  3-11*  Refraction  of  radio  waves  in  the  troposphere. 


Refraction  is  the  curvature  of  the  path  over  which  radio  waves  are 
propagated . 

Tropospheric  refraction  is  the  result  of  a  smooth  change  in  the  index 
of  refraction  (n  =yr-)  of  the  troposphere  vixh  height  (z).  The  degree  of 
curvature  of  the  radio  bean  (fig.  3*2.1.)  can  be  evaluated  by  the  radius  of 
curvature 

P  ^ — ri — — fcPj. 


V3-27) 


where 


0  is  the  elevation  of  the  initial  direction  os'  the  radio  bean; 
o 

k  is  the  curvature  coefficient  for1  the  radio  bean; 

dn/dz  is  the  rate  of  change  (gradient)  in  the  index  of  refraction  with 
height. 

The  troposphere  is  said  to  be  normal  when  its  state  is  such  that  the 
absolute  t«nperature  (T)  and  pressure  of  the  water  vapor  (c)  decline  with 
height  in  accordance  with  a  linear  law 


T«  =  288  -  0-0065*, 
e  Cmillibarsl  *  10  -  0- 00352- 


In  the  normal  troposphere  the  gradient  of  the  index  of  refraction 

equals  .  1 

i!L=_4-:o-‘ 
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Sefraciion  is  called  standard  in  tills  case.  T 1  least  radius  of  curvature 

in  the  bean  will  be  during  radiation  alone  the  horizon  (3^  *  0)#  In  the 

standard  refraction  case  ^  ^  4H  (k  =  4)* 

e 

The  different  cases  of  refraction  in  the  troposphere  are  shown  in 
Figure  3-1-- 


Figure  3-12.  Different  cases  of  refraction  in  the  troposphere  when 

®o  -  °- 

1  -  no  refraction  (k  *  «);  2  -  negative  refraction  (k  <  0)? 

3  -  standard  refraction  (k  =  4)?  4  -  increased  refraction 

(k  =  1)$  5  -  superrefraction  (k  <  1  )• 

The  radio  bean  bends  downward  with  an  increase  in  the  index  of  refraction, 
with  height  (cn/cz  >  C)  and  negative  refraction  (k  <  0)  occurs-  A  decrease, 
or  an  increase  *  in  the  refraction  occurs  with  less,  or  more,  of  a  change  in 
the  index  of  refraction  wi^h  height  with  respect  to  standard  refraction. 

The  case  when  the  coefficient  of  curvature  is  k  <  1  is  called  svper- 
rcfrnction,  or  an  axr^spheric  duct-  The  radio  bean  is  then  propagated  in 
the  layer  near  the  ground  and  is  reflected  from  the  surface  of  the  earth 
tinny 

JCagative  refraction  is  usually  encountered  in  the  winter  tine,  during 
snow  stores,  ar.d  in  the  polar  regions  over  the  sec*  It  reduces  line  of  sight* 

The  atmospheric  duct  is  forced  by  tho  layer  of  ware  air  found  above  a 
layer  ol  ccc  2  er,  moist  air-  It  is  usually  encountered  over  the  sea  and 
curing  the  morning  hours  in  the  summer  time  over  land  in  windless  e&ther. 

Positive  refraction  (k  >  0)  causes  the  radio  bean  to  enter  the  shadow 
region  (fig-  3-10).  increasing  line  of  sight*  Th$>  effect  of  re fraction  on 
iir.e  of  sight  can  be  taken  into  considerat ion  by  replacing  the  radius  of  the 
earth  by  a  radius  (R^)  equivalent  to  it  and  established  through  the  relation¬ 
ship 

:/Re  =  l/ae  -  l/cr.  (3.28) 

In  the  standard  refraction,  case 

R  =  4/3  ft  «  8500  km. 
e  e 

Anc  the  line  of  sight  can  be  established  through  the  formula  at  v2*l). 

Scattering  of  radio  waves  by  the  discontinuities  in  the  troposphere  is 
caused  by  the  continuous,  and  disordered,  movements  of  the  air  masses  with 
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ciffei-aut  electrical  par araetcrs -  Scattered  by  the  discontinuities,  the  radio 
also  enter  the  shadow  region  (fig.  3.13).  The  amplitude  of  the 
scattered  field  in  the  shadow  region  is  ouch  greater  than  that  of  the  dif¬ 
fraction  field.  This  phenomenon  is  what  makes  long-range  tropospheric  com¬ 
munications  possible  over  distances  up  to  S00  to  700  kilometers.  These 
coanuni  cation  3  involve  the  use  of  special  scat  ions  with  powerful  transmitters 
and  pan oil— beam  antennas  aimed  at  each  other. 

Absorption  of  radio  waves  in  the  troposphere  occurs  in  the  oxygen  and 
in  the  water  vapor,  end  depends  on  the  frequency  (fig.  3*14).  The  absorption 
lines  02  the  other  gases  are  beyond  the  radio  wave  band.  Radio  wave  scattering 
in  the  gases  in  the  troposphere  is  slight. 

Attenuation  of  radio  waves  by  h  .'dromctcors  is  the  result  of  scattering 
ar.d  absorption  of  their  energy.  Figures  3*15  and  3_l6  show  the  attenuation 
factors  in  rain  and  in  fog  with  respect  to  their  intensity.  Attenuation  in 
dry  snow  and  in  hail  is  slight.  If  the  snow  is  vet,  attenuation  will  be  the 
same  as  that  occurring  in  rain,  of  the  same  intensity. 


Figure  3-13-  Scattering  of  radio  waves  by  discontinuities  in  the 
troposphere. 


•)  $£ 
r  *  mm 


db/kic 


Figure  3-14.  Curves  of  the  dependence  of  the  Attenuation  factor 

for  radio  waves  on  the  wavelength  for  oxygen  and  water 
vapors- 
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•  lie  radjr  riige  (R)  can  be  eszablisbob  through 


R  =  R01C 


, -0.53S 


3^  is.  the  r3n«jo  when  there  is  no  absorption; 
i  is  the  attenuation  factor  in  ao/.-wt , 
with  absorption  of  radio  waves  taken  into  consideration* 


3-5  The  Influence  of  the  ionosphere  on  the  Propagation  of  Radio  l/aves 

Ext ending  above  the  troposphere  at  a  height  above  12  ka  and  rising  to 
63  to  70  ica  is  the  stratosphere.  Propagation  of  radio  wav^s  in  this  region, 
takes  place  as  it  does  in  a  vacuum.  The  upper  layer  of  the  earth's  gas 
envelope,  which  is  located  above  the  60  to  70  ka  level,  is  called  the  iono¬ 
sphere.  The  ionosphere,  according  to  present-day  concepts,  extends  several 
thousands  of  kilometers  iron  the  earth. 

The  ionosphere  consists  of  ionized  gases  with  an  admixture  of  neutral 
atoms  and  molecules. 

The  source  of  the  ionization  is  solar  radiation,  particularly  ultra¬ 
violet,  X-ray  and  gacma  radiation.  The  energy  of  these  radiations  diminishes 
with  penetration  into  the  depth  oX  the  atmosphere*  Kenee,  the  electron  con¬ 
centration  (X)  changes  with  height  fron  slight  in  the  lower  layers  of  the 

ionosphere  to  some  maxima  (N*  )  at  some  definite  height  (2  ).  Rarifi- 

nax  max 

cation  of  the  air  causes  a  further  reduction  at  even  greater  heights.  This 
simplified  coc.iI  of  the  structure  of  the  ionosphere  (fig*  3*17)  is  called 
a  simple  layer.  *  I 


Figure  3*17*  Dependence  of  concentration  on  height  in  a  simple 

laver.  a  -  2  ;b-N  * 
aax  max 

The  electrical  parameters  of  the  ionospharo  have  tho  following 


:=V— , 
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Oq  is  "the  plasma  frequency,  that  is.  Use  natural  frequency  of  free 

oscillations  of  the  electrons  in  an  ionized  medium  ( nu*2irY  80. 8N) ; 

3 

X  is  the  electron  concentration  in  electrons/^  ^ 

^  is  the  number  of  electron  collisions  in  unit  tine- 


The  propagation  of  radio  waves  in  a  simple  isniaed  layer 
The  index  of  refraction  in  the  ionosphere 


<3.3  i) 


(where  f  is  the  frequency  of  electromagnetic  oscillations)  can  be  less  than 
1,  zero,  and  imaginary.  Propagation  of  radio  waves  is  impossible  when  its 
values  are  zero  and  imaginary.  With  N  given  any  value  there  is,  in  the 
layer,  a  frequency  at  which  radio  waves  will  be  reflected  from  the  given 
layer.  The  highest  of  these  frequencies 


f  *  6o.8n  , 

crat  *  max’ 


(3. 320 


at  which  the  radio  wave  striking  the  simple  layer  vertically  can  still  he 
reflected  from  it  is  called  the  critical  frequency.  Radio  waves  with  frequen¬ 
cies  higher  than  pass  on  through  the  ionosphere. 

If  the  radio  wave  strikes  the  ionosphere  at  an  angle,  0Q,  the  highest 
frequency 


f  =  f  ../sin  0_  (3 .'33  > 

max  crxt  0 

is  called  the  maximum  frequency. 

An  averaging  of  many  years  of  data  on  the  values  of  customary  electron 
concentrations  yields  critical  and  maximum  frequencies  between  l6  and  48  mHz. 
Radio  waves  at  frequencies  below  these  values  will  not  pass  through  the 
ionosphere. 

The  actual  mechanism  involved  in  the  formation  of  the  ionosphere  is  more 
complicated  than  the  mechanism  involved  in  the  formation  of  the  simple  layer. 
The  ionosphere  is  made  up  of  individual  layers,  known  as  the  E,  E,  F^, 
ar.d  layers  (fig.  3-18).  The  electron  concentrations  in  the  layers,  and 
the  heights  of  the  layers,  change  with  time  of  day  and  time  of  year,  as  well 
as  with  the  degree  of  solar  activity-  There  is  rapid  recombination  of  the 
ionized  atoms  in  the  denser  layers  at  night,  the  low  (O)  layer  disappears, 
and  the  electron  concentration  in  the  rest  of  the  layers  decreases.  The 
atmosphere  becomes  more  dense  in  the  winter  time,  the  maximum  for  the  con¬ 
centration  increases,  and  drops  lower  down.  The  F^  layer  disappears  in  the 
winter  time. 
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Figure  3-1&-  Average  distribution  of  electron  concent: rat ions  by 
height  in  the  summer  (a)  and  winter  (b). 

Horizontal:  clcctrons/cs^. 

The  cilcct  or  the  ionosphere  on  the  propagation  oi  waves 

in  different  bands 

Ultralong  waves  and  long  waves  are  propagated  between  the  ionosphere  and 
the  earth  as  if  by  a  waveguide.  The  earth's  surface  guides  the  -waves  in 
this  band  within  the  earth  envelope,  causing  them  to  propagate  in  tbc  form 
of  a  so-called  ground  wave. 

Long  waves  are  propagated  as  ground,  as  well  as  sky,  waves.  The  radio 
waves  in  the  ground  wave  attenuate  relatively  quickly.  The  radio  waves  in 
the  sky  wave  penetrate  the  D  and  E  layers,  where  absorption  is  intensive, 
the  waves  are  reflected,  and  they  return  to  earth.  These  waves  cover  com¬ 
paratively  short  distances  in  the  daytime  because  of  tills  absorption,  but  at 
night,  when  the  D  layer  disappears,  and  when  the  concentrations  of  electrons 
in  the  £  layer  diminish,  the  range  of  transmission  of  long  waves  is  much 
greater  than  during  the  day. 

Short  waves  propagated  by  a  sky  wave  are  reflected  repeatedly  from  the 
ionosphereand  from  the  earth.  For  this  reason  the  range  of  radio  communica¬ 
tions  on  these  waves  is  very'  great. 

The  N.  I.  Kabanov  effect 

The  Kabanov  effect  occurs  in  the  short  wave  band,  and  simply  stated 
says  that  radio  waves  reaching  the  earth's  surface  after  having  been  re¬ 
flected  from  the  ionosphere  can  be  scattered  by  thet  earth .  Some  of  the 
scattered  radiation  returns  to  the  radiation  source,  where  it  can  be  re¬ 
corded.  The  return  scattered  signals  can  be  received  at  ranges  varying  from 
several  hur  tired  to  several  thousand  kilometers. 

If  the  reflecting  surface  creates  a  direct  reflection  there  will  be 
no  return  scattered  signal. 

Ultrashcrt  w^ves  pass  through  the  ionosphere,  except  for  tbe  long  wave 
portion  of  this  bond.  Absorption  and  scattering  of  their  energies  occurs, 
as  docs  refraction,  and  change  in  propagation  rate. 
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3-6  The  Effect  of  the  Ionized  Regions  of  Atonic  Explosions  on  the 

Propagation  of  Radio  Vavcs  (L5) _ 

Xhe  ionized  regions  <■  f  ztoaic  explosions  have  the  properties  of  the  iono- 
sphere.  The  dimensions  of  these  regions  can  be  in  the  tens  of  kilometers, 
and  the  densities  of  xhe  electron  concentrations  in  them  can  have  magnitudes 
close  to  those  found  in  the  ionosphere# 

These  regions  can  have  the  following  effect  on  radar  operation: 
cause  a  bending  in  the  path  of  the  radio  waves  Cfig.  3.19),  resulting  in 
an  error  in  determining  target  height 


where 


(3.34) 


h  is  the  vertical  dimension  of  the  region; 
reg 

ci  is  the  angle  of  incidence  of  the  bean  at  the  region  boundary; 

cause  a  change  to  take  place  in  the  group  signal  velocity  (v  - 

_  group 

c  TT7 ) .  in  the  ionized  region,  leading  to  errors  in  determining  the  range  to 
the  target,  and  equaling 


t R  =  2L  <1  -  ,  (3.35) 

reg 

where 

L  is  the  distance  over  which  the  ionized  region  extends; 
reg 

cause  some  of  the  field  energy  to  be  absorbed,  scattered,  ar.d  reflected 
in  the  ionized  region,  and  thus  causing  a  reduction  in  radar  operating  range* 
The  scattered  radiation  from  the  ionized  region  can  be  picked  up  by  the 
radar  in  the  same  way  that  scattered  radiation  from  any  target  is  picked  up. 
This  is  the  basis  for  the  possibility  of  determining  the  coordinates  of  atomic 
explosions  and  for  arriving  at  an  approximate  determination  of  their 
charset eristics# 


3 #7  The  Effective  Reflecting  Surface  of  e  Target 

The  effective  reflecting  surface  of  a  target  is  the  area  of  nondirection- 
&1  radiation  that  determines  the  magnitude  of  the  reradiated  power  and  creates 
the  same  flow  of  energy  at  the  reception  site  as  would  the  real  target# 


Figure  3 -19-  Error  in  determining  the  height  of  a  target  beyond  the 
ionized  region  of  an  atomic  explosion. 
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The  effective  reflecting  surface  depend*  on  target  size,  shape,  material, 
and  radar  wavelength.  The  directivity  pattern  of  the  secondary  radiation 
from  the  target  is  badly  cut  up  because  of  the  complex  configuration  of  the 
target.  As  the  target  moves  the  nature  of  this  dissection  changes  constantly, 
the  rrs^lt  of  the  random  changes  in  target  position,  and  changes  in  the 
tiroes .ion  of  illumination.  It  is  this  that  causes  fluctuations  in  the  power 
of  the  signal  reflected  by  the  target.  Hence,  the  effective  reflecting  sur¬ 
face  of  a  target  is  a  variable*  The  probability  that  will  at  least  be 
equal  to  the  selected  magnitude  (x)  can  be  established  using  the  graph  .shown 
in  Figure  3-20. 


/  -i  -i 


Figure  3*20-  Graph  of  the  probability  that  the  effective  reflecting 
surface  of  a  target,  ?t,  win  at  least  be  equal  to  the 
selected  design  magnitude,  x. 


Table  3*5  lists  the  average  values  for  the  effective  reflecting  surface 
Q)  for  selected  targets. 

Table  3-5 

Average  values  for  effective  reflecting  surface  for  selected 
targets 


Type  target 

2 

O’  m 

Fighter  plane 

3  to  5 

Long-range  bomber 

20 

Eallistic  missile  warheid 

0.2 

Transport  aircraft 

50 

Man 

0-8 

3.8  Radar  Coverage  Pattern 

The  coverage  pattern  is  that  region  of  space  at  the  boundary  of  which 
a  target  can  be  detected  vith  specified  probability.  The  boundary  of  the 
coverage  pattern  can  be  established  through  the  radar  equation 


n4r 

■V 


P  G 

P 


_-a2/64rr3P' 


a\  10'°-053R-F{<p,e),  (3.36) 
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where  FCgj,  e )  is  the  standardized  antenna  pattern  (ace  Chapter  IV). 

The  random  nature  of  the  position  of  the  boundary  of  the  coverage  zone 
is  caused  by  the  fuzzinf  up  of  the  signal  by  noise  and  by  fluctuations  in 
the  effective  reflect in j  surface  of  the  target*  Hence,  target  detection  is 
random  in  nature;  that  is,  it  can,  or  cannot,  occur*  This  is  taRcn  into 
consideration  in  the  oqu&xion  at  (3.36)  by  the  visibility  factor,  The 

necessary  values  of  th*  latter  providing  for  specified  probabilities  of 
correct  target  detection,  CP^},  and  false  alarm,  (P^  at  predetermined 
ranges,  establish  the  toundary  of  the  coverage  pattern* 

Radar  coverage  pattern  in  the  vertical  plane 
The  boundary  of  -he  coverage  pattern  is  established  by  the  resultant 
antenna  pattern-  Detection  and  target  acquisition  radars  have  separate 
anxenna  patterns  in  the  horizontal  and  vertical  planes,  so  the  coverage 
patterns  too  are  constructed  in  these  planes*  The  coverage  pattern  in  the 
vertical  plane  is  taken  vith  respect  to  the  maximum  in  tbc  antenna  pattern  in 
the  horizontal  plane,  so  its  equation  has  the  form 

R(e)  =  R„,  J(c).  13-37) 

where 

F(e)  is  the  radar  antenna  pattern  in  tbe  vertical  plane- 
Meter  and  decimeter  band  radars,  in  which  the  antenna  pattern  is  formed 
by  part  of  the  energy  reflected  from  tbe  earth ,  have  the  equation  at  <3-37) 
in  the  form 


R(e)  =  R0F(e)g(e),  (3.38) 

where 

Rq  is  tbe  maximum  radar  operating  range  in  free  space; 

F(e)  in  the  standardised  antenna  pattern  in  free  space; 

$(e)  is  the  multiplier  for  the  earth  (see  the  expressions  at  3»l8  -  3.18). 

Figure  3*21  i  ’  an  example  of  tbe  coverage  pattern  for  a  radar,  the  an¬ 
tenna  pattern  of  which  is  formed  as  a  result  of  the  energy  reflected  from 
the  earth.  The  shape  of  the  coverage  pattern  can  change  'with  tbe  profile 
of  the  position  and  the  nature  of  tbe  soil.  It  is  desirable  to  set  up  in 
each  position  vith  coverage  patterns  for  characteristic  azimuths. 

The  coverage  pattern  in  the  vertical  plane  (fig.  3.21a)  is  usually  con¬ 
structed  in  the  rectangular  system  of  Coordinates,  in  terms  of  the  height  (K) 
and  tlie  slant  range  (R)  -  Plotted  on  tbc  coordinate  grid  arc  the  elevation 
lines,  the  lines  of  reduced  heights  (H'),  and  the  equal  altitude  curves 
with  the  sphericity  of  the  earth  taken  into  consideration.  The  reductions 
(AH )  in  the  latter  below  tbe  lines  of  reduced  heights  earn  be  established 
through  (3-25) 

AH  R“/2R  . 

e 


(3-39) 
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The  e^ual  altitude  curves  arc  used  In  the  evaluation  of  the  combat 
capabilities  of  a  radar  against  targets  flying  at  different  altitudes.  The 
coverage  patterns  in  the  vertical  plane  can  be  dissimilar  ir*  different 
directions,  depending  on  the  nature  of  the  fadar  position.  With  this  in 
mind,  the  combat  capabilities  of  the  radar  tan  be  evaluated  by  the  set  of 
coverage  patterns  taken  for  characteristic  azimuths. 


Figure  3. 21.  Example  of  coverage  pattern  in  the  vertical  (a) 

and  horizontal  (b)  planes  for  a  radar  cn  a  level, 
homogeneous  site. 

Radar  coverage  pattern  in  the  horizontal  plane 
The  coverage  pattern  in  the  horizontal  plane  is  a  horizontal  section 
at  a  definite  height  in  the  coverage  patterns  in  the  vertical  plane.  When 
the  site  is  level  and  homogeneous  the  coverage  pattern  in  the  horizontal 
plane  is  a  circle  (fig*  3 -21b)  with  internal,  un examined  annular  bands. 

They  form  at  the  site  of  the  nulls  in  the  antenna  pattern* 

When  the  position  in  which  the  radar  is ‘located  is  uneven,  the  coverage 
pattern  in  the  horizontal  piano  is  established  from  the  set  of  coverage 
patterns  in  the  vertical  plane  for  characteristic  azimuths,  and  with  the 
screening  effect  of  local  objects  at  the  given  height  taken  into  con¬ 
sideration. 

Maximum  operating  range,  range  at  a  specific  height,  and  antenna  pattern 
for  the  sit*  are  made  more  precise  by  using  data  obtained  under  real  radar 
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operating  conditions.  Overflights  can  be  used  tffccn  needed  to  stake  these 
r  ef  ineaeirLs  * 


3  -9  Propagation  of  Elect rooxagnetlc  Waves  in  the  l'nfrared  Spectrum 

Infrared  rays  cover  v-he  band  from  0.3  aaa  to  0*75  microns,  that  is,  the 
band  between  the  millimeter  waves  and  visible  light*  Practically  all  bodies 
with  temperatures  above  absolute  zero  radiate  infrared  rays- 

When  propagated  into  the  atmosphere  the  beam-typ*  flux  from  the  infra¬ 
red  spectrum  ij  attenuated  because  of  scattering  and  absorption.  Scattering 
is  caused  by  refraction,  rel lection,  and  diffraction  of  the  beam-typo  flux 
by  -the  discontinuities.  The  attenuation  factor  due  to  scattering  can  be 
established  through  the  relationship 


where 


i-h 


/■0.M  V 


\  is  the  wavelength  in  microns; 

9f>  is  the  attenuation  factor  for  visible  li*ht  (x  *  0.55  micron)* 
90  values,  depending  on  atmospheric  conditions,  are  listed  in  Table  5.6. 


Tabl*  5*6 

Attenuation  factors  for  visible  light  energy  in  accordance 
with  atmospheric  conditions 


atmospheric  conditions 

g'0,  neper/kn 

0O,  ct/kn 

Very  heavy  fog 

>43 

>4l6 

Heavy  fog 

43 

416 

Moderate  fog 

12 

104 

Light  fog 

4.75 

41 

Heavy  smoke 

1.2 

10.4 

Light  smoke 

0.6 

5.2 

Clear 

0.24 

2.1 

Very  clear 

0.12 

1.04 

Exceptionally  clear 

0.04 

005 

Some  of  the  radiation  energy  is  converted  into  other  types  of  energy 
when  the  bear-type  flux  is  absorbed.  Absorption  in  the  molecules  end  gases 
in  the  atmosphere  is  resonant  in  nature. 

Ozone  in  the  infrared  region  of  the  spectrum  has  absorption  lines  in 
the  4. 6?--^ •95*  8.3-10*6,  &n\*  13.1-16.4  micron  b anils. 

C0o  has  the  broadest  absorption  in  the  4-4*8  and  12.9-17-1  micron 
bands. 

Water  vapor  has  heavy,  broad  absorption  in  the  0.926-0  *-973,  1.095-1*165, 
1-3*9-1.498,  1.762-1.977,  and  3.52-2.345  micron  bands.  Width  of  the  bands, 
and  .'ntensit}  of  absorption  by  water  valors  did  CO^  are  greatest  at  the 
earth  s  surface.  They  diminish  with  increase  in  height  above  sc-  level- 
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Chapter-  IV 

Antenna  Feeder  Systems 
Transmission  Lines 

Transmission  lines  are  systems  designed  to  transmit  the  energy  of 
electromagnetic  vaves. 

The  iol lowing  types  of  transmission  lines  are  currently  in  use: 

two-wire  open-wire  and  shielded; 

Coaxial ; 

rectangular  and  round  waveguides; 

strip  waveguides. 

The  process  of  transmitting  electromagnetic  energy  along  &  line  is 
always  wave- like  in  nature  in  the  transmission  line,  regardless  of  the  type 
oi  line  used. 


4.1  Voltages  and  Currents 'on  a  Transmission  Line 

An  incident  wave  is  propagated  from  the  generator  to  the  load.  On  a 
long  loj*sy  line  the  amplitude  of  the  incident  wave  diminishes  approaching 
the  load  (fig.  4.1).  If  the  load  is  unmatched  some  of  the  power  is  reflected 
and  there  is  a  reflected  wave  (fig.  4.2)- 


Fig-.-re  4.1.  Graph  of  the  voltage  of  an  incident  wav<-  on  a  line. 

«  .  'I  ‘2  / 

1  foe  *  1  _ _ 

ft i!lVs  STZhS'Oxi  Zi(_v  _/.  Zj.  \ _ _ z 

;  ^  vy  \  \  rn 

rti  4.2.  Graph  of  the  voltage  of  a  reflected  wove  on  a  line. 


Tho  expressions  for  the  instantaneous  values  of  the  voltages  of  an 
incident,  u  T,  and  a  reflected,  u  ,  wave  on  a  transmission  line  are 
•-  Ui f",v  cos  0 ■rf  —  «). 

«-  —  U~c‘<Oi  (>»£  4  «;  +  'V), 


(4.1a) 
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■where 


Uq  and  U  are  the  amplitudes  of  the  incident  and  reflected  waves  at 
the  origin  of  the  line  (when  z.  =  0) ; 
z  is  a  coordinate  of  a  point  on  the  line? 

a:  is  the  cyclic  frequency  of  the  oscillation, 

v  -  -tt/X  is  the  phase  factor;  it  characterizes  the  difference  in  phase 
in  the  oscillations  of  the  traveling  vavo  at  points  spaced 
unit  length  from  each  other; 

£  is  the  attenuation  factor; 

if  is  an  angle  taker,  into  consideration  the  phase  displacement  at 

the  load  and  the  delay  between  the  direct  and  the  return  pro¬ 
pagation  of  the  waves. 

For  current  waves 


i+  =  -^-£  ^cos  (v>t  —  <*z), 

i~  —  — -  cvcos  (»--$-  ajj  «*j)( 

where 


(4-lb) 


o  is  the  characteristic  impedance* 

The  resultant  voltage  and  current  on  the  line  are  the  application  (super¬ 
position)  of  the  instantaneous  values  of  the  incident  and  reflected  waves  of 
voltage  and  current 


.R—  n+  -*  a", 
f,  >«*■■+  ir. 


(4.2a) 

(4.2b) 


The  latter  equation,  when  transformed  with  (4.1a)  and  (4.1h)  taken 
into  consideration.  Can  be  written 


i  =  J- (4-3) 

The  relationships  describing  the  propagation  of  the  transverse  components 
of  the  electrical  and  magnetic  fields  on  any  transmission  line,  including 
waveguides,  are  similar  in  structure. 

In  complex  form,  the  resultant  voltage  and  current  on  the  line  are 
described  as  follows 


.1  -  U  (a)  e1-1.  L.  y'(j)  - 


where 


u(z)  and  I (z)  are  the  resultant  complex  amplitudes; 

L  Q*(z)  +  Q-{z), 

/(*)-/•*■(*)  +/-(*)  =-i-lO+(2}-(J-(2)3. 


(4.4) 


(4.5) 
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Reflection  Coefficient 
The  complex  reflection  coefficient  is 

!’  -  (4.6) 

ant!  chracterizcs  the*  ratio  of  the  anplitudes  of  incident  And  reflected  waves 
and  the  phase  displacement  between  these  oscillations  at  the  point  under 
consi derat ion.  In  the  formula  at  (4_6),  p ^  =  U^/U^  is  the  complex  coefficient 
of  reflection  through  the  section  z^.  The  value  of  the  modulus  (p^)  is  within 
the  limits 


^  <  I  |  <  1,  (4.7) 

because  the  amplitude  of  the  reflected  wave  cannot  be  greater  than  that  of 
the  incident  wave. 

26  z 

The  nulitplier  e^  characterizes  the  change  in  amplitudes  in  the  case 
of  direct  and  the  return  passage  from  the  section  under  consideration  to 
the  load.  The  multiplier  e  characterizes  the  change  in  phase  compared 
with  the  phase  of  the  reflection  coefficient  through  the  section  z^- 

4.2  Conditions  on  th  >•  Lossless  Transmission  Line 

Or.  short  sections  of  a  transmission  line,  one  with  a  length  of  several 
wavelengths,  and  for  purposes  of  describing  the  conditions  on  the  line, 
losses  can  be  ignored,  the  attenuation  factor  can  be  taken  as  3  =»  and 
the  same  relationships  that  exist  on  the  lossless  line  can  be  used  to  des¬ 
cribe  conditions.  The  condition  will  depend  on  the  ratio  of  the  incident  and 
reflected  wave  amplitudes,  that  is,  on  the  modulus  of  the  reflection  coeffi¬ 
cient  |p|  •  The  positions  of  maxima  and  minima  are  established  by  the  phase 
of  the  reflection  coefficient. 

Traveling  Wave  Conditions 

If  the  load  is  matched  to  the  transmission  line  and  completely  absorbs 
the  power  incident  to  ir,  there  will  be  no  reflected  wave-  (p  =  0)  and  there 
will  be  traveling  waves  on  the  line. 

u.'r  V 


Figure  4.3-  Distribution  of  amplitudes  on  a  line  in  the  case 
of  traveling  waves. 
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As  will  be  seen  from  (4-5),  the  amplitudes  of  the  voltages  (currents) 
along  the  line  remain  constant  (fig.  4-3)-  Only  the  pfcaso  of  the  oscillation 
along  the  line  changes. 


Standing  V*v«  Conditions 

If  the  load  does  not  scatter  the  actual  power  and  completely  reflects 
the  incident  wave, |p|  =  1,  that  is,  the  amplitude  of  the  reflected  wave  will 
equal  the  amplitude  of  the  incident  wave-  At  the  points  where  the  phases 
of  the  voltages  of  the  incident  and  reflected  waves  coincide  the  reflection 
coefficient,  p,  is  a  real  magnitude.  Since  jpj  ■»  1,  the  amplitude  of  the 
voltage  at  these  points  equals 

U  a  2U*.  (4.8) 

max 

The  joints  indicated  are  spaced  iz  -  }J2  apart. 

In  accordance  with  <4.5),  in  these  sections  the  current  amplitude  is 


nin 


(4.$) 


The  same  is  true  for  points  vhere  the  phases  of  the  voltages  of  the  inci¬ 
dent  and  reflected  waves  are  opposite,  and  the  resultant  amplitude  of  the 
voltage  equals  zero 


U  . 
min 


0, 


while  the  amplitude  of  the  current  has  a  maximum 


(4.10) 


*„*  =  “*  “  Uma/P*  <4*U) 

Thus,  -the  resultant  voltage  and  the  current  in  •the  case  of  complete  reflection 
(when  |  p  i  *  l)  are  represented  by  the  pattern  of  standing  waves  vith  nodes 
and  loops  (fig.  4.4). 


Figure  4-4.  Distribution  of  amplitudes  on  a  line  in  the  standing 
wave  condition. 


Mixed  Condition 

If  the  load  at  the  end  of  the  line  absorbs  some  of  the  power,  but  some 
is  reflected,  the  value  of  the  modulus  of  the  reflection  coefficient  is  in 
the  limits 


0  <  |  p]  <  1. 


(4.12) 
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The  condition  obtained  (fig.  4.5)  is  somewhere  between  the  traveling  and 
standing  wave  condition.  The  sections  of  maxima  arvl  minima  are  called 
characteristic  sections.  Across  these  sections  where  the  amplitude  of  the 
voltage  is  maximum  the  amplitude  of  the  current  is  minimum,  and  vice  versa. 
The  distance  between  two  adjacent  maxima  (minima)  is  Lx  = 


Figure  4,5.  Distribution  of  amplitudes  on  a  line  vhen  mixed 

waves  prevail. 


Characteristics  of  the  Condition  on.  a  Transmission 
Line 

It  has  been  accepted  that  the  condition  will  be  characterized  by  the 
value  of  the  traveling  wave  ratio,  K  •  The  traveling  wave  ratio  is 
numerically  egual  to  the  ratio  of  the  minimum  amplitude  of  the  voltage  (or 
current)  to  the  maximum. 


K  =  13  .  /U 

tvr  nin  max 


I  .  /I 
man  max 


(4.13) 


The  magnitude  the  inverse  of  is  Called  the  standing  wave  ratio. 


KSV* 


1/Ktw  -  V/Uain  ■  W- 


(4.l4) 


The  association  between  and  the  magnitude  of  |  p|  stems  from  the 
relationship  at  (4.5) 

Kw  ■  1  ♦  |?l/l  -  Jp|.  (4.15? 

For  traveling  wave  conditions  |p\  =  0,  =  1,  si.  For  standing 

wave  conditions  \  p  \  »  1,  *0,  «  »-  In  the  mixed  vav^  condition 

o<!pI<i,o<k  <  i,  i  <  k  <«. 

*  1  1  *w  su 

Input  Impedance  of  a  Line  Segment 

The  input  impedance,  Z(z)  of  a  line  of  section  z  is  the  impedance  of 
a  line  of  length  l  -  x,  loaded  by  impedance,  Z 


load 


*(-)■ 


(/(--) 

((*> 


1  +P 


(4.16) 


The  reduced  (standardised)  impedance  is 

AXI- 


.  r*j» 

?  '•  — ^ 


(4.17) 
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Z(z)  is  a  craplex  magnitude  lor  an  arbitrarily  selected  section. 

The  magnitude  p  =  jp|  in  sections  of  voltage  maximum  (current  minimum), 

so 

2,aax  ■  1  -  M/1  -  Ml  =  <4-18> 

that  is,  ix  is  a  real  magnitude. 

Similarly,  across  the  sections  of  voltage  minimum  [current  maximum}  the 
magnitude  p  *  -  |p|,  and  across  these  sections 

Z'min  “  1  "  MM1  *  Ip  I  -  Ktw-  «*.19) 

Consequently,  the  input  impedance  of  the  line  is  pure  resistance  across 
all  characteristic  sections  and  has  a  complex  nature,  as  in  the  other 
sections. 


4 -3  The  Circle  Diagram  for  Long  Lines  (the  Ifolpert  Diagram) 

The  Volpert  circle  diagram  (fig-  4.6)  is  a  pattern  of  curves  of  con¬ 
stant  values  for  the  reduced  pure,  A1,  and  reactive,  X* ,  resistances  con¬ 
structed  on  the  plane  of  the  complex  reflection  coefficient 

p  ~  ^7  -f-  JV  ***  £  (4.20) 

The  curves  for  R*  -  const  =  f (wr,  V)  and  X*  *  const  *  F(V,  V)  are 
families  of  circles. 


Figure  4-6-  Cirele  diagram  fer  long  lines. 
A  -  distance  from  load. 


The  curves  for  the  constant  value 

K.  —  const  and  Z'  -  z/l  =  const 

SVf  4  ^ 
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ore  plotted  on  this  sane  diagram. 

These  two  faau.li.es,  together  with  the  circles  Tor  R»  =  const  and 
X*  •  const,  yield  the  circle  diagram  (fig,  4,6), 

The  diagram  can  be  used  to  establish  the  impedance  of  various  sections 
of  the  line  for  a  given  line  condition  and,  conversely,  to  determine  what 
conditions  are  for  a  known  load  impedance.  This  is  why  the  diagram,  constructed 
using  relative  magnitudes  R'  m  R/P,  X'.*  X/Pt  *"  *  z/Xt  as  veil  as  the  dimension¬ 
less  magnitude  K.^,  is  universal  and  can  be  used  for  computations  on  trans¬ 
mission  lines  of  any  type- 

in  this  diagram  the  circles  for  =  1  (or  p  »  0),  that  is,  the  match 
condition  corresponds  to  the  central  point.  The  circle  corresponding  to 
■  es,  that  is,  standing  wave  conditions,  is  the  outside  circle*  The 
intermediate  values  of  X  are  not  plotted  to  avoid  complicating  the  diagram, 

5" 

The  value  of  can  be  taken  from  the  curves  for  R*  -  const  where  they 
intersect  the  vertical  aria  (the  axis  of  real  magnitudes).  The  upper  part 
of  the  axis  of  real  magnitudes  corresponds  to  the  sections  of  voltag<*  minima 
(current  maxima).  On  this  line  X*  *  0  and  R'  »  <1,  The  lover  part  of 

the  axis  of  real  magnitudes  corresponds  to  sections  of  voltage 
(current  minima).  On  this  line  X’  ■  0  and  R*  »  >2,  To  the  left  are 

the  arcs  of  the  circles  when  -Xr  *  const,  and  to  the  right  the  arcs  of  the 
circles  when  X*  •  const. 


Figure  4-7- 


Use  of  the  circle  diagram  to  determine  the  magnitude 

of  K  on  a  line  for  a  specified  load  impedance, 
gw 

A  -  K  =  R  ;  B  -  R»  :  C  -  X',  J  +  jX« 

sw  max’  max’  load  v  load 


acjnple-  It  i,  given  that  *\obA  »  R'1(#ad  *  3X'loa<J*  Find  and 
the  position  of  the  closest  min  inn  im  vith  respect  to  the  load. 

The  solution  sequence  will  be  explained  through  the  schematic  shown 
in  Figure  4-7- 

1,  Find,  on  the  diagram,  the  curves  for  R,loa<J  and  **load"  1110 

points  at  wnich  they  intersect  establish  the  position  of  the  impedance, 

Z*  .on  the  plane  of  complex  p* 
load 
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2.  A  concentric  circle  passing  through*  thii  point  establishes  the  value 


of  K  .  The  value  K 

;,V  sw 


R*  can  be  read  at  the  site  o£  the  intersection 
max 


of  this  circle  with  the  line  of  marina. 

3-  The  reduced  distance  from  the  load  to  the  closest  minimum  corresponds 
uo  the  angle,  read  counterclockwise,  between  the  radial  line  passing  through 
the  point  2"ioad  and  the  line  of  the  minima-  The  figures  for  the  values  of 
the  reduced  length  z*  *  z/j_  are  plotted  on  tbc  outside  circle  in  the  diagram 
(fig.  4.6). 


4.4  Matching  Load  and  Line 

If  the  line  load  does  not  equal  the  characteristic  impedance,  there 
will  be  a  reflected  wave  on  the  line  ia  addition  to  the  incident  wave,  as 
has  already  been  pointed  out.  The  larger  [ pj  ,  the  greater  the  amplitude  of 
the  reflected  wave  and  the  closer  conditions  on  the  line  to  the  standing 
wave  conditions,  "fhe  reflected  wave  causes  an  increase  in  losses,  and  the 
appearance  of  over— voltages  reduces  the  electrical  strength  of  the  line  and 
intensifies  tr.4  dependence  of  the  input  impedance  on  the  frequency. 

A  matching  device  (fig.  4.8)  is  installed  near  the  load  in  order  to 
eliminate  the  reflected  wave. 
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Figure  4.8.  Schematic  of  the  installation  of  a  matching  device  in 
a  transmission  line. 

A  —  K  ;  B  —  matching  device:  C  -  Z, 

sv’  *  load 


Matching  device  parameters  are  selected  such  that  the  device  will  trans¬ 
form  load  impedance  into  characteristic  impedance ;  that  is,  the  input  im¬ 
pedance  of  the  device  will  be  equal  to  the  characteristic  inpedar.ee 

Z.  ®  P,  that  is  Z»  =  1  or  =  l/p,  that  is  Y'  .  =  1.  <4.2l) 

in  xn  an 

Now  pure  traveling  wave  conditions  will  pertain  on  the  line  to  the  left 
of  the  matching  device. 

The  matching  device  ought  not  introduce  loss,  so  should  be  a  reactive 

sink- 

Quarter -wave  transformers  and  reactive  stubs  are  most  often  used  as 
matching  devices. 
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4-5  Two -Wire  and  Coaxial  Lines 

Two-wire  (sjiaact rical)  linos  can  open,  or  shielded.  The  construction 
of  open  (unshielded)  feeders  is  shown  in  Figure  4.9,  that  of  shielded  in 
Figure  4.10. 

At  tho  present,  time  open,  feeders  are  us*id  priaeLrily  for  feeding  syn- 
cetric.j.ily-co:ipled  long  wave  and  nodiua  wave  antennas*  The  open  feeder  is 
held  ty  rigid  insulators,  or  is  fixed  in  place  by  guys  and  insulators- 

Tu.*  -  n4.xial  (unsyramet  rical )  feeder  can  be  rigid  or  flexible,  lu  the  rigid 
coaxi^  i V.\!«r  (fig.  4.11)  the  inner  wire  is  supported  by  dielectric  spacers, 
or  by  j.t  wi.’.tors.  The  latte/  are  .shest -circuited  segments  of  the 


Figure  4-9-  Construction  of  syras-t  rical  tvo-vire  unshielded 
lines. 


Fifcur*  4-  1C-  Construction  o*  symmetrical  two-wire  shielded  lint:*. 

a  -  with  a  cireniar  shit  id;  b  -  with  strip  cd-\ddc±ors- 


Figure  4-li..  Co.-. xtn.-cti.i-n  of  coui«l  cadIcs.  a  -  with  spacers 

as  insulators;  b  -  with  metal  insulators. 
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feeder  with  electrical  length  I .  =  X/4.  The  impedance  of  the  supporting 

ins 

segment  (of  the  insulator)  can  be  computed  through  the  formula 

2 in  ins  =  (4-£2) 

where 

5  is  the  attenuation  factor  for  the  insulator  feeder. 

Since  p  >  g\,  Z.^  ins  ►  p,  and  the  insulator  will  not,  for  all  practical 
purposes,  shunt  the  main  feeder. 

The  flexible  coaxial  feeder  consists  of  a  flexible  cuter  metallic  braid 
and  an  inner  wire  supported  by  insulators.  The  insulation  most  often  used 
is  a  solid  filling  of  a  polyethylene  type  dielectric- 


Two-Virc  and  Coaxial  Line  Parameters 
These  lines  have  the  following  main  parameters: 
characteristic  impedance  p{ 
line  wavelength 
velocity  rate  £  =  ^linc’ 

ptralajible  voltage  o 

perm 

attenuation  factor  g. 

2he  two-wire  cable  has  a 

characteristic  impedance  of 


where 


(4.23) 


d  is  the  distance  between  the  wires; 
r  •  is  the  radius  of  the  vires; 

cr  is  the  relative  dielectric  constant  for  the  dielectric  envelope; 
for  an  aerial  cable  «  «  1$ 

a  permissible  voltage  for  an  aerial  cable  of 


where 


U  =  U, .  /fc, 
pem  lxmitr 


*Wt  =  4*6Elimitr!:an;1  109  <Vr’  Elimit  =  30  kv/cn; 


(4.24) 

(4.25) 


k  =  2  to  3 1  and  is  the  assurance  factor  with  respect  to  electrical  strength; 

an  attenuation  factor  for  typical  aerial  cables  in  the  meter  band  of 


g  =  (0-01  to  0-04)  db/meter- 
Tho  coaxial  cable  has  a 

characteristic  impedance  of 


(4.2<S) 


(4.27) 


a  permissible  voltage  for  an  aerial  cable  of 
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C  *  C,  .  .  /k. 
perm  liait 


<4.28}- 


U  *  2.)  E.  .  r£cal  log  R/r- 

liait  ^.^jt  :  t 


The  wavelength  for  a  cable  with  a  dielectric  tiller  can  be  computed 
through  the  formula 


'line  r* 


where 


(4.29) 


>  *  300/iT»Hz]  is  the  wavelength  in  tree  spac^,  in  meters. 
Ccrrosporidingly ,  the  velocity  rate  is 

l  ‘lTr.  (4-30) 

For  a  cable  with  dielectric  spacers 

l  *  1-01  to  1-05-  C4-3-) 

Table  4-1 

Electrical  characteristics  of  Aexlble  coaxirl  cables 


Type  cable 

Characteristic 

impedance, 

ohms 

Attenuation 
when  f  « 

10O  bHz 

Outside 

diameter. 

•forking 

voltage, 

kv 

KX-29 

50 

0-113 

9.8  2  0.5 

1.5 

Ra-  19 

52 

0.2 

4.2  *  0.2 

1.0 

rk — e 

52 

0.05 

12.4  2  0.8 

4.5 

HK-47 

52 

o.os 

10.3  2  0.5 

1 

H^~49 

72 

0.13 

6.9  2  0.3 

1 

RX-3 

75 

0.07 

13.0  ±  0.7 

5.5 

RK-1 

77 

0.11 

7.3  2  0.4 

3.0 

KK-2 

92 

0,09 

9.S  2  0.5 

4.5 

4.6  Waveguides 

A  waveguide  is  a  hollow  metal  tube  used  fer  the  transmissioii  of  electro¬ 
magnetic  waves.  Any  shape  of  tube  cross— section  can  be  used  as  a  waveguide. 
From  the  standpoint  of  c obstruction.,  the  rectangular  waveguides  are  sore  con¬ 
venient  to  use-  Round  waveguides  are  most  often  Used  when  axial  symmetry  of 
the  waveguide  is  required,  with  rotating  Junctions,  for  example-  Any  waveguide 


*  k  *  (6  lo  7)  for  a  line  with  metal  insulators;  k  «  (15  to  20)  for 
a  line  with  dielectric  spacers. 
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is  a  unique  filler  of  the  upper  frequencies  and  these  can  propagate  oscilla¬ 
tions  along  the  waveguide  if  thitir  wavelengths  are  shorter  t.  an  some  critical 
vavcl  ength ,  X 

cr.it 

i  w.32) 

ent 

‘.Tie  value  of  /  is  determined  b>  the  Iran.iverse  dimensions  and 

crxi 

type  oi  oscillation  propagated  in  the  waveguide-  'The  smaller  the  transverse 
dincKsious,  and  the  more  complex:  the  pattern  of  the  oscillation  field,  the 
shorter  the  critical  wavelength. 

Ordinal'! i'r  1  has  the  sane  order  as  that  of  the  transverse  dimension 

crit 

of  the  waveguide,  so  it  i:s  c'csirable  to  use  wevaguides  to  transmit  waves  in 
the  d^icineter 7  centimeter,  and  trillineter  bands. 

W.iat  is  established  in  any  waveguide  is  a  field  pattern  such  that  on 
the  v.slls  of  the  wavegnide  the  tangent  conipon*-nt  of  the  zaegnetac  field 
equals  zero. 

Iran-Averse  electrical  oscillations  with  a  longitudinal  component 
of  the  magnetic  field,  called  type  T£  waves  Cor  a  wavt-s) ,  as  well  as 
transverse  magnetic  wav.js  wixh  a  longitudinal  component  E^  of  the  electrical 
field,  can  be  propagate  along  a  hollow  tube-  The  latter  are  tailed  type 
7M  waves  (or  2  waves) - 

The  wave  that  will  be  propagated  in  a  waveguide  alone,  without  the  mixing 
in  of  other  waves,  is  called  the  fundamental  wave  for  the  veveguide,  and  the 
others  are  called  higher  types  of  waves. 

Fo*-  the  iucdfcjnentai  wave 


^crii  fund  > 


''crit  high* 


(4-33) 


The  waveguide  should  erdiaarily  operate  on  the  fundamental  wave  without 
the  mixing  in  oi '  high  er  wave.—  For  this  purpose  the  dimensions  of  the  wave¬ 
guide  are  selected  such  that  they  satisfy  the  inequality 


^crit 


fund 


>  \  >  \ 


crit  high" 


(4-34) 


The  wavelength  in  the  waveguide  for  tb*:  selected  oscillation  equals 

*v -  «R7.  (4-35J 

"Tie  wavelength,  X^,  increases  with  increo.“e  in  }  •  When  X  ^cri-*’  *hc 
magnitude  Xw  -*  cc,  indicating  the  curtailment  of  the  propagation  along  the 
waveguide  of  the  type  of  oscillation  under  consideration.  The  phase  velocity, 
v  ,  of  a  wave  in  a  waveguide  characterizing  the  movement  of  the  field  pattern 
along  the  waveguide,  equals 
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vp  “  V  =  ^  -  <*Aclitl2-  (4.36) 

It  will  always  bo  9T0iter  than  the  ^peed  ol  light,  that  is,  >  c. 

Ax  the  sane  tine,  the  energy  transference  rate  is 

ve  -  c\U  -  (Vl^r  (4.37) 

and  always  is  less  than  the  speed  of  light,  that  is,  v^  <  c. 

If  the  condition  \  <  Xcr^t  is  satisfied  for  the  selected  type  of  oscilla¬ 
tion,  traveling,  standing,  and  mixed  wave  conditions  can  exist  in  the  wave* 
guide,  depending  on  the  nature  of  the  load- 


4.7  Rectangular  Waveguide 

E  and  H  waves  can  exist  in  a  waveguide  (fig.  4  .12)*  The  critical 
wavelength  for  the  E  and  H  waves  can  be  established  through  the  relationship 


(4.38) 


For  E  waves:  m  =  l,  2,  2,  n  *  1,  2,  3*. * 

For  H  waves-  id  ■  O,  1,  2,  ;  n  —  0,  1,  2,  3  -  -  • 

Values  n  =  0  and  n  «  0  at  the  same  time  are  impossible  for  H  waves* 

The  indices  m  and  n  indicate  the  number  of  standing  half -waves  along  sides 

a  and  h,  respectively.  For  the  case  when  the  dimension  b  >  a,  the  highest 

X  be  obtained  for  H  waves  (a  •  0;  a  *  1),  which  is  therefore  the 

exit  vjjl 

fundamental  wave  for  a  rectangular  waveguide* 


Figure  4*12*  Rectangular  waveguide. 


Fundamental  (H^)  wave  in  the  rectangular  waveguide.  Figure  4.13  shows 
the  structure  of  the  electromagnetic  field  of  the  wave  for  the  matching  case. 
For  this  wave  ^crit  s  2  b. 

The  electrical  strength  of  the  waveguide  operating  on  wave  can  be 
established  through  the  expression* 


A!i  -  c^2b)2- 


(4.39) 


For  air  E,  .  „ .  =  30  kv/cm. 
limit 

Ordinarily 


P 

perm 


=  (l/3  to  1/5)  Plinit. 


(4.40) 
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In  order  to  preclude  the  possibility  'of  the  appearance  of  higher  types 
of  waves,  the  operating  wave  is  selected  iron  the  condition 


<4.4l) 


The  characteristic  iarpedence  vita  respect  to  the  voltage  is 

„  2»  =4- 


p0 


"Incline 


/H¥)s 


(4.42) 


Figure  4.13.  Structure  of  the  field  in  a  rectangular  waveguide 

operating  on  a  fundamental  wave,  K 

3a^ic  data  on  rectangular  waveguides  are  listed  in  Table  4.2, 


Table  4.2 

Rectangular  waveguides 


A 

EujCftIUOM  JW3- 
MfU,  MM 

|  ^l«oea  sp«ay-  | 
•  eotm*.  cm  | 

S'onwwi  CTt-  | 
IKX,  MM  | 

i 

1} 

PiOo-as  1 
MCi-VlOCTV,  | 

Mar  j 

UM  327>‘XSilUC.. 
Q6 

\  * 

Uo*202 

i  33-  *:6.S  i 

v,;s  ! 

•13.5 

0.003 

05X105 

|  £0.5-31.2 

3,13 

1S,9 

0.003 

65X130 

13,63—10,7 

2,03 

6,3 

0,012 

axa 

1  0.:— I3,S3 

2V03 

3,9 

0,017 

nx^ 

7.6—11,35 

2,03 

2,4 

0,024 

5:x-3 

|  5,01—  7,62 

J,e3 

1.04 

0,0;-; 

2.67—  5,£S 

1,63 

0,51 

G.072 

10X23 

1  2.5—  3.C6 

J 

1.27 

0,23 

0,127 

Key:  A  —  inside  dimensions,  mm;  B  —  pass'd  and .  cm;  C  —  wall  thickness,  jam; 
'  D  -  operating  power,  mw;  E  —  maximum  attenuation,  db/meter. 
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4.8  Round  Waveguides 

Both  £  and  H  waves  can  exist  in  round  waveguides.  The  critical  wa,vel  eng  th¬ 
is 

\crit  =  2rra/U  <4.43) 

where 


a  is  the  waveguide  radius; 

Tor  I?  waves 

ran 

for  H  waves 
ran 

V  is  the  root  of  the  Bessel  function  of  the  first  kind  of  the  a5» 
xi 

order; 


U*  is  the  n»  root  of  an  aurbitary  Bessel  function  of  the  first  kind 
of  the  order. 

Possible  values  are  m  =  0,  1,  2,  3...;  n  s  1,  2,  3--- 

The  index  m  indicates  the  periodicity  of  the  field  of  the  wave  (the 
r. usher  of  "standing  waves"  around  the  perimeter  of  the  circumference  of  the 
waveguide).  The  case  of  a  9  0  corresponds  to  &  wave  with  axial  symmetry. 

The  index  n  indicates  the  number  of  independent  coaxial  regions,  in  each 
of  which  the  energy  flows  as  in  an  independent  waveguide,  without  flowing  into 
a  neighboring  region. 

The  fundamental  wave  in  the  round  waveguide  is  the  wave  (fig.  4.14). 
For  ihis  wave 


“  3-41  • 


(4-44) 


The  wave  can  be  used  in  installations  in  which  it  is  necessary  to 
turn  the  plane  of  polarization,  as  veil  as  in  various  waveguide  transitions. 

a  symmetrical  wave  of  the  K01  type  (fig.  4.15)  can  be  used  in  addition 
to  the  wave.  This  wave  has  little  attenuation,  subsiding  with  increase 
in  frequency,  so  it  can  be  used  in  long-range  transmission  waveguide  lines. 
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The  symmetrical  wave  (rig.  4.16)  can  be  used  in  rotating  junctions 

(fig-  4.17).  In  these  junctions  the  •  -St act  with  the  outer  wails  is  through 

a  quarter-wave  coaxial  stub,  4,  whi.-  provides  the  electrical  contact  at  the 

rotation  site.  The  quarter-wave  di  .  -ling  sleeve,  6,  suppresses  the  radiation 

01  super-high  frequency  energy.  "1.  purpose  of  ring  3  is  to  suppress  the  H 

wave,  which  can  appear  in  the  junction  because  1  ,  ,,  >  A  . .  _  . 

crit  1. p }  erat  Eqj 


Figure  4.16.  wove  in  a  round  waveguide. 


Figure  4.17-  Rotating  waveguide  junction. 

The  H  and  EQ1  waves  are  also  used  in  cutoff  attenuators  (fig.  4.18). 

The  dimensions  of  the  waveguide  for  the  cutoff  attenuator  are  selected  such 
that  the  oscillator  wavelength  satisfies  the  condition  \  >  Xcrit-  Given 
this  selection  of  the  wavelength,  the  propagation  factor  is  V  *  0,  and  is 
real,  so  the  super^hiflh  frequency  oscillations  attenuate  along  the  waveguide. 

The  dimensions  of  the  cross  section  of  the  attenuator  are  usually  selected 
small  and  the  oscillator  wavelength  turns  out  to  be  a.  good  deal  longer  than 
the  critical  X  >  Xcrit-  Nov  the  attenuation  factor  can  be  computed  through 
the  approximate  formula 

S  [nep/a 1)  f  Er/i^^Cm!. 


(4.45) 
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inpa, 

'  WKS~C>rXl  L-r~^£ 

*'>>tvVV?  srsr7r77-ryyT 


output 


JUS./S&LS.  /  '//-'  '  .LC/ 

inputs  .-'is*'"  _  output 

.  L _ _  -J--_  -  - - '  -. 


Figure  4.lS-  E  and  H  type  attenuators- 


The  magnitude  of  the  attenuation  derived  from  typical  attenuators  ranges 
within  the  licits  of  9  ~  Cl  to  3)  nep/cm,  or  g  =  (10  to  ?C)  tb/cm* 


4-9  Directional  Couplers 

Directional  couplers  are  used  to  transnit  jcme  of  the  electromagnetic 
energy  from  one  waveguide  to  another*  Because  of  the  directional  properties, 
the  incident  and  reflected  waves  ir.  the  main  waveguide  in  turn  set  up  traveling 
waves  in  different  directions  in  the  auxiliary  waveguide-  If  there  is  a  wave 
in  one  direction  in  the  min  waveguide,  there  will  only  be  a  wave  in  one 
direction  in  the  case  of  ideal  directivity  in  the  auxiliary  waveguide.  And 
in  real  couplers  there  is  a  snail  amplitude  wave  in  an  undesirable  direction. 
The  relationship  between  the  powers  of  the  waves  propagated  on  the  auxiliary 
waveguide  in  desirable  and  undesirable  directions  characterizes  the  directivity 
of  the  coupler 


D  [<n>]  -  10  log  P*  /*»"  .  (4.4$) 

aux  aux 

In  the  case  of  tae  ideal  coupler  P~  *  0  and  D  =  ®.  Ordinarily  the 
magnitude  is  D  s=  20  to  40  db. 

The  coupling  between  "the  main  and  the  auxiliary  waveguides  is  characterized 
by  the  iterative  attenuation 


C  [db] 


3.0  log  P  .  /P  . 

Dam  aui 


(4.47) 


The  magnitude  of  C  can  take  values  from  C  =  0  (full  transmission  of 
energy  from  the  main  waveguide  to  the  auxiliary)  to  C  e  50  to  70  db,  when 
part  of  the  main  power  is  transmitted  by  the  auxiliary  waveguide  (10  to 
io'r). 

If  an  absorbing  matched  load  is  inserted  as  a  directional  coupler  in 
one  am  of  the  auxi*  iary  waveguide,  and  an  indicator  is  inserted  in  the 
other  arm,  an  assembly  such  as  this  win  only  react  to  one  wave,  the  incident 
wave,  for  example-  If  this  directional  coupler  is  then  turned  so  the  output 
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flange  is  coupled  to  the  oscillator,  w«  obtain  an  arrangement  that  win 
react  only  to  the  reflected  ware* 

The  following  varieties  of  couplers  are  to  be  distinguished. 


t  '/////// ///'//////// /A 
A  JJb&nap  jw*o 


SYTr//7STJT?/;  ss/JJf/ 


Figure  4.19.  Directional  coupler  with  a  quarter-wave  separation 
of  the  coupling  holes. 

A  -  incident  wave;  B  -  reflected  wave;  C  -  detector. 


Couplers  with  quarter-wave  separation  of  the  coupling  elements.  The 
simplest  coupler  of  this  type  is  the  two-hole  coupler  with  the  coupling  holes 
in  the  narrow  wall  of  a  rectangular  waveguide  functioning  on  the  main  wave 
(fig.  4-19).  Here  directivity  is  achieved  because  waves  moving  through  the 
hole  add  in  phase  in  the  required  direction,  but  are  opposite  in  phase,  and 
mutually  compensatory  in  the  case  of  the  opposite  (undesirable)  direction 
because  of  the  difference  in  electrical  paths,  -  2-\^/4  =  -  2. 

Couplers  with  several  Xy/4  spaced  holes  axe  used  to  reduce  the  iterative 
attenuation  and  to  increase  the  directivity  in  the  frequency  range.  A 
coupler  such  as  this  car,  be  considered  as  a  stage  made  up  of  several  two- 
hole  couplers. 

Quarter— wave  stubs,  coupling  the  vide  walls  (fig-  4.20),  are  sometime 
used  instead  of  round  holes. 


Figure  4.20.  Directional  coupler  with  coupling  stubs. 


Couplers  with  mixed  electromagnetic  coupling.  Examples  of  these  couplers 
are  those  with  round  and  +- shaped  holes  in  the  wide  vail  of  a  rectangular 
waveguide  (fig.  4.21  a  and  b).  Directivity  in  these  couplings  is  arrived  at 
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ucc.iusi'  of  rhc  dirccxionc  1  properties  of  xhe  coupling  elcacnt  proper.  Specific¬ 
ally,  in  the  coupler  show-  in  Figure  4-21a,  the  directional  properties  of  the 
round  nol c*  are  established  by  The  simultaneous  excitation  in  the  hole  of  a 
symmetrical  E  end  an  unoycmetrical  H  wave  of  a  circular  waveguide-  Because 
of  the  coupling  of  thoso  the  resultant  characteristic  radiation  from 

the  hole  into  the  auxiliary  waveguide  has  directional  properties. 

In  the  coupler  shown  ii;  Figure  4,31b  "the  directivity  of  the  ^-shaped  hole 
established  by  excitation  in  the  slots  of  the  cross  that  has  time  and  space 
shifts  of  *)G9  and  the  resultant  characteristic  of  the  radiation  from  the 
main  waveguide  into  the  auxiliary  waveguide  too  proves  to  be  directional- 

Couplers  with  distributed  coupling#  This  coupler  is  designed  in  the  form 
ol'  two  waveguides  connected  through  a  long  slot  in  a  coamon  vail,  or  in  the 
form  of  two  ribbon  lines  located  quite  close  to  each  other-  Each  section  of 
the  slot  (line)  car.  be  considered  on  elementary  exciter-  If  a  traveling  wave 
is  propagated  in  the  main  waveguide  the  phases  of  the  elementary  exciters 
will  change  along  the  waveguide  in  accordance  with  the  law  for  the  change  in 
phase  for  the  particular  line-  Because  of  the  functions  performed  by  these 
exciters,  a  traveling  wave  in  a  predetermined  direction  can  also  be  excited 
in  the  auxiliary  waveguide- 


Figure  >-21-  Directional  coupler  with,  mixed  coupling - 

a  -  with  a  round  coupling  bole;  b  -  with  a 
±- shaped  coupling  hole- 

The  change  in  the  direction  of  propagation  of  the  wave  in  the  main  wave¬ 
guide  causes  a  change  in  the  direction  of  the  wave  in  the  auxiliary  waveguide. 
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Consequently.,  this  systsn  is  a  directional  coupler. 

4.IO  Waveguide?  Bridges 

Vnvcguide  bridges  are  used  to  decouple  oscillators  on  different  frequen¬ 
cies  and  operating  on  a  cotton  load,  for  scasuring  mismatches,  and  as  elements 
in  antenna  switches  and  balanced  aimers.  Che  bridges  most  often  used  arc 
?- bridges  and  slot  bridges. 

The  T-brldge  (fig*  4122a)  is  a  combination  of  two  waveguide-  triplets. 

If  matched  load*  are  conr.octed  to  arms  3  and  4  of  the  bridge,  and  then  fee 
from  the  arm  2  side,  there  will  be  r.o  energy  3.ov  in  am  1,  because  of  bridge 
symmetry.  If  the  feed  is  froa  the  ara  1  the  energy  will  flow  to  anas  3  and 
4,  but  not  to  ana  2*  A ms  1  and  2  are  therefore  decoupled  when  ones  3  and  4 
carry  symmetrical  loads. 


figure  4.22.  U'aveguide  bridges. 

a  -  waveguide  T-bridge;  b  -  slot  bridge;  c  -  *hertz* 

If  -the  bridge  is  fed  through  am  2,  a  :ti  snatch  in  either  of  ams  3  and 
4  will  result  in  super-high  frequency  energy-  flowing  in  am  L.  This  pheno- 
aar.cn  is  what  makes  it  possible  to  use  the  bridge  as  a  ri snatch  indicator. 

The  disadvantages  of  the  T-bridge  are  the  need  for  an  additional  matching 
device,  and  the  rigid  manufacturing  specifications  with  respect  to  accuracy. 

The  slot  bridge.  The  most  widely  used  design  is  that  in  the  form  of 
two  waveguides  with  a  common  narrow  wall,  part  of  which  is  cut  out  (fig- 
4.22b).  A  capacitive  s nub  in  the  central  section  compensates  for  the  re¬ 
flected  w.vpi  occurring  at  the  site  of  the  junction  between  the  narrow  and 
wide  sections - 

The  slot  bridge  can  be  considered  a  directional  coupler  with  oistrib viced 
coupling  and  an  iterative  attenuation  of  C  »  3  db.  If  the  bridge  is  fed 
from  the  arm  i  side,  and  if  notched  loads  are  connected  to  arms  3  end  4,  no 
energy  will  flow  in  arm  2. 
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Eae  lcnota  at  ih«  sloi.  I  ...  in  the  triage  is  selected  for  the 

SlOv 

condition 


In  this  case  power  fed  to  ora  1  win  divide  equally  botwe<*n.  anas  3  and 
4.  Ax  the  same  time,  the  phase  of  the  oscillations  in  the  arms  will  differ 
by  90a-  No  signal  will  pass  through  am  2.  If  one  of  the  loads  on  anas  3 
rr  4  is  gj  snatched  there  will  bo  a  reflected  wave,  Port  of  which  will  travel 
or  ara  2.  Accordingly,  the  slot  bridge  is  similar  to  the  T-bridge,  so  far 
as  the  functions  it  performs  are  concerned.  Simplicity  of  design  and  good 
band  coverage  are  advantages  of  the  slot  bridge* 

4.11  Strip  lanes 

Strip  lines  are  usually  used  in  super-high  frequency  circuits  in 
receiver s  and  are  made  using  printed-wire  methods.  The  advantages  of  these 
lines  are  their  good  engineering  features  and  small  site-  They  can  be  readily 
coupled  to  coaxial  lines  and  waveguides.  Disadvantages  are  low  electrical 
strength  and  quite  heavy  losses. 

Unsynaetrical  (fig.  4.23a)  and  symmetrical  (fig.  4.23b)  strip  lines  con 
be  used. 


Figure  4-23.  Strip  linen,  a  -  unsymmetrical  strip  line; 
b  -  symmetrical  strip  line. 


The  characteristic  impedance  of  the  unsyametrical  line  is 

?=SrFv~ i4.49) 

For  the  symmetrical  line 


2  4- 


(4.50) 
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Strip  lines  can  be  used  to  build  directional  couplers,  bridges,  filters, 
attenuators,  and  other  devices.  Design  principles  are  those  applicable  to 
waveguides.  Strip  lir.es  are  used  primarily  in  radar  receiver  plumbing  and 
in  snail  super-high  frequency  gear. 

4.12  The  Non reciprocal  Elements  in  Transmission  Lines 

Devices  in  which  anisotropic  materials,  the  properties  of  which  differ 
for  waves  from  different  directions,  have  been  developed  for  use  as  the  dielectric 
in  present-day  t ran ^r:ss ion  lines. 

The  anisotropic  materiel  most  often  used  is  a  magnetized  ferrite. 

A  ferrite  is  a  »agnttc-di electric  with  a  crystalline  structure  which, 
in  its  external  appearance,  resembles  a  ceramic*  An  anisotropic  magnetized 
territe  makes  it  appear  that  waves  with  a  different  direction  of  rotation  of 
the  plane  of  polarization  are  propagated  in  the  ferrite  at  different  phase 
velocities  and  are  absorbed  differently.  Specifically,  if  the  exciting  field 
is  selected  in  accordance  with  the  relationship 

Hq  Ca/ffl3  r*  28.6  fta-Hz},  (4*51) 

where 

f  is  the  frequency  <£  oscillations  of  the  wave, 
then,  for  a  wave  from  one  of  the  directions  there  is  intensive  absorption, 
occasioned  by  ferromagnetic  resonance  in  the  ferrite* 

By  changing  the  exciting  field  we  can  change  the  ratio  of  the  propagation 
parameters  for  waves  moving  out,  and  returning* 

The  following  effects  are  most  often  used  when  ferrite  transmission  lines 
arc  employed: 

nonreciprocal  (that  is,  different  for  direct  and  return  waves)  rotation 
of  the  plane  of  polarization; 

nonreciprocal  phase  time  delay? 
nonreciprocal  absorption. 

The  Nonreciprocal  Rotator 

Devices  providing  for  the  nonreciprocal  rotation  of  the  plane  of  polariza¬ 
tion  are  Called  nonreciprocal  rotators.  Most  widely  used  are  rotators  cased 
on  the  use  of  the  Faraday  effect  (fig.  4.24a).  A  rotator  of  this  type  is  a 
circular  waveguide  stub  working  on  an  wave,  in  the  center  of  which  is  a 
longitudinally  magnetized  ferrite  rod. 

A  change  in  the  slope  of  the  plane  of  polarization  is  made  by  changing 
the  excitation  current  in  the  coil. 
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Figure  4-24-  Ferrite  waveguide  e. events,  a  -  r.onreciprocal  rotator; 
to  -  norvreciprocal  piiase  shifter  (when  H  4  H^)  - 

A  -  ferrite;  B  -  excitation  coil. 

The  Nonreciprocal  Phase  Shifter  and  Absorber 

The  device  providing  the  nonreciprocal  phase  tine  delay  of  the  waves  is 
tali  ed  the  nor. reciprocal  (unidirectional)  phase  shifter,  or  nnnreciprocal 
phase  switcher. 

The  aost  convenient  phase  shifter  is  in  the  fora  of  a  stub  of  rectangular 
waveguide  with  a  longitudinally  magnetized  ferrite  plate  (fig,  4.24b).  The 
difference  in  the  phase  tine  delays  for  waves  moving  in  opposite  directions  can 
be  established  by  the  magnitude  of  the  exciting  field,  and  the  intensity  of 
tha  ri  magnetic  field  is  taken  much  lower  than  resonance  Ci  <  ,  so  ab¬ 

sorption  will  be  approximately  identical,  and  small,  for  direct,  as  veil  as 
return,  waves. 

devices  that  absorb  direct  and  return  waves  differently  are  called  non- 
reciprocal  attenuators  (reflected  wave  insulators). 

The  simplest  attenuator  can  be  obtained  if,  in  the  device  reviewed  above 
(fig.  4 -24b)  in  the  form  of  a  stub  of  rectangular  waveguide  with  a  trans¬ 
versely  magnetized  ferrite,  the  value  of  the  exciting  field  is  increased  to 
some  magnitude  H  «-  that  will  correspond  to  the  condition  of  ferromagnetic 
resonance  and  of  intensive  absorption  for  one  of  the  waves  (the  reflected 
wave ,  for  example) -  At  the  same  time  the  direct  wave  will  move  with  slight 
at  t  er.ua  t  ion  - 


The  Circulator 

;*hc  circulator  is  a  piece  of  plumbing  in  which,  because  nonreciprocal 
elements  are  used,  a  wave  moving  to  one  of  the  arms  will  be  propagated  inside 
the  circulator  over  a  path  different  from  that  over  which  the  wave  leaving 
this  arm  is  propagated-  .  Figure  4.25a  is  a  diagrammatic  layout  of  a  circulator 
with  four  feed  arms- 
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Figure  4-25.  The  circulator,  a  -  schematic  diagram  of  circulator 
operation;  b  -  circulator  in  which  the  effect  of  a 
nonreciprocal  phase  shift  is  used. 

If  the  feed  is  from  the  arm  1  side,  the  signal  is  fed  into  arm  2-  At 
the  same  time,  if  the  circulator  is  fed  from  the  arm  2  side  the  signal  is 
no  longer  fed  into  ana  2,  but  to  arm  3  (or  4),  etc.  Thus,  signal  passage 
in  the  circulator  is  in  accordance  with  the  pattern  1-2-3 -4-1... 

The  circulator  can  be  used  as  an  antenna  transfer  switch  if  the  trans¬ 
mitter  is  connected  to  ana  1,  the  antenna  to  arm  2,  the  receiver  to  arm  3* 
and  the  absorbing  matched  load  to  arm  4. 

The  circulator  can  be  used  as  a  unidirectional  absorber-matching  device 
if,  as  before,  the  oscillator  and  the  load  are  connected  to  arms  1  and  2, 
and  the  matched  loads  are  connected  to  arms  3  and  4.  Saw  the  reflected  wave 
is  fed  from  arm  2  to  arm  3)  then  to  am  4  where  it  is  completely  absorbed. 
Thus,  only  the  incident  wave  remains  on  arm  1  and  the  oscillator  feeding  the 
load  through  the  circulator  is  always  working  on  a  matched  load. 

Circulators  using  the  effect  of  a  nonreciprocal  phase  shift  (fig.  4.25b) 
are  the  ones  most  widely  used.  The  principal  parts  of  the  circulator  are  the 
slot  bridges,  I  and  II,  the  nonreciprocal  phase  shifters,  NP-1  and  NP-2  with 
=  -90°  j  -and  the  reciprocal  phase  shifter  with  =  -90°. 

Let  us  consider  the  passage  of  a  signal  fed  into  arm  1-  After  slot 
bridge  I  the  signal  power  is  halved,  and,  because  of  the  properties  of  the 
bridge,  the  phase  of  the  signal  in  the  lower  section  will  lead  that  of  the 
signal  in  the  upper  section  by  90  w.  The  nonreciprocal  and  reciprocal  phase 
shifters  in  the  upper  part  in  turn  introduce  an  additional  180°  shift,  at 
the  same  time  that  the  lower  nonreciprocal  phase  shifter  provides  no  phase 
shift  because  the  ferrite  in  it  is  located  anti -symmetrically  with  respect 
to  the  ferrite  in  the  upper  phase  shifter-  This,  the  f,upperl!  and  “lower" 
signals  at  the  input  to  bridge  H  will  have  a  270°  shift,  as  a  result  of  which 
signals  fed  into  arm  4  are  balanced  and  all  the  energy  flaws  in  arm  2. 

If  the  circulator  is  fed  through  arm  2  the  signal  will  halve  afteir 
passing  through  bridge  II  and  the  "upper”  and  "lower"  signals  will  be  Ob¬ 
tained  with  identical  90*  additional  phase  shifts  because  of  the  upper  reci¬ 
procal  and  lower  nonreciprocal  phase  shifters.  The  upper  nonreciprocal  phase 
shifter  introduces  no  additional  shift.  Following  reasoning  similar  to  that 
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in  the  x'orcooing,  one  can  be  persuaded  that  in  this  case  the  signal  is  only 
fed  into  ana  3-  If  the  device  is  supplied  iron  the  arm  3  side  the  signal  is 
led  into  ana  4.  Thus,  the  device  has  all  the  properties  or  the  circulator. 
Circulators  of  a  type  similar  to  this  are  widely  used  in  modem  radars. 

Antenna  Devices 

Devices  used  for  the  radiation  and  reception  of  electromagnetic  waves 
are  called  antennas. 

Antennas  have  the  property  of  reciprocity.  Antenna  parameters  in  the 
reception  mode  are  established  by  its  parameters  in  the  transmission  node- 

4.23  Transmitting  Antenna  Parameters 

The  radiation  pattern  shows  tbe  dependence  of  the  power  (n)  density, 
or  of  the  amplitude  of  the  antenna  field  strength  (E) ,  on  the  direction  in 
space  when  the  distance  to  the  points  of  observation  is  constant,  that  is 

if (o,0)  =  £_*/=■<<?,  0).  (4.52) 

II  (?.  0)  —  rina.*2  (?,  G),  (4.53) 

where 

E  anu  **  are  the  ma^iarum  values  for  the  respective  magnitudes; 
max  max 

tp,  0,  are  the  azixutb  and  meridional  angles. 

The  pattern  is  depicted  in  the  principal  planes  by  a  plane  curve  in 
a  polar  {fig.  4.26a)  or  in  a  rectangular  (fig.  4.26b)  system  of  coordinates. 


Figure  4.26.  Radiation  patterns  in  a  polar  (a)  and  in  a  rectangular 
(b)  system  of  coordinates. 

Patterns  are  classified  according  to  their  shapes- 

Figure  4 -27a  X3  that  of  a  cosecant  pattern,  fixed  in  the  vertical  plane 
through  the  equation 


F  (e )  -  sin  €  cosec  e  when  e  <  e  <  e  . 

w  v  ^  max 


(4.54) 
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vh  ere 

£  find  „  arc  the  minimum  and  maximum  elevation  angles  in  the 
W  a.<l* 

equation  for  the  cosecant  pattern* 

The  cosecant  pattern  can  be  used  in  ground  radars  for  observation  pur¬ 
poses  and  in  aircraft  radars*  The  level  of  the  sigral  reflected  from  targets 
at  various  distances  from  the  radar  within  its  operating  range  mains  un¬ 
changed  at  the  receiver  input  in  the  case  of  the  cosecant  pat t err.. 


Figure  4*27*  Radiation  patterns*  a  -  cosecant;  b  -  spade;  c  - 
pencil;  d  -  fan. 


The  spade-shaped  pattern,  used  in  radio  altimeters,  'is  shovn  in  Figure 
4.27b. 

The  pattern,  the  major  lobe  of  which  is  approximately  syrmetrical  with 
respect  to  the  direction  of  its  maximum,  is  called  pencil-shaped  (fig*  4.27c). 

The  pattern  expanded  in  one  principal  plane  and  compressed  in  the  other 
principal  plane  is  called  fan-shaped  (fig.  4_2?d) . 

The  directive  gain  of  an  antenna  (G)  is  that  number  indicating  the 
gain  in  the  power  density,  or  in  radiated  power  (P^),  provided  at  the  point 
cf  observation  by  a  directional  antenna  as  compared  vith  a  nondirectional 
antenna  (fig.  4.28) 


/7.  (?,  0) 

wber.  =  rff 

C<?.  3)  *=-£>■ 


when  £_  *  £^. 
Z  0 


<4.553 

(4.56) 
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In  uhe  formulas  at  (4-55)  and  (4-56)  the  index  £  denotes  a  magnitude 
equaten  to  the  field  of  a  directional  antenna,  while  the  index  0  denotes 
that  to  the  field  of  a  nondirectional  antenna. 


Figure  4.28. 


I 


I 


Determination  of  directive  gain  of  an  antenna  - 


The  dependence  of  the  directive  gain  on  the  direction  in  space  can  be 
established  through  the  pattern  by  the  relationship 

C  (<?,  0)  =  G^P  (<?.  9).  (4.  57) 

The  maximum  value  of  the  directive  gain  can  be  stablished  through  the  formula 

(4.58) 


G  =  E2  D2/60P  . 
max  max  £ 


where 


D  is  the  distance  between  the  antenna,  and  the  point  of  observation. 

The  radar  resistance  (.R^)  is  a  factor  associating  the  power  radiated  by 
the  antenna  with  the  square  of  the  current  (i)  at  a  particular  point  on  the 
antenna 

_  PRt- 

Pi='T~ 


The  antenna  efficiency,  7JA,  is  the  ratio  of  the  power  radiated  by  the 
antenna  to  the  power  fed  to  it  (P^) 


where 


(4-59) 


P,  is  the  power  loss, 
loss 

The  antenna  gain,  g^,  is  a  number  indicating  the  actual,  gain  in  power 
density,  or  in  radiated  power,  provided  by  a  directional  antenna,  that  is, 
the  gain  with  losses  taken  into  consideration 


6'a  fe9)  “ c C ?.«)  Tlv  (?.  9).  (4.60) 

The*  input  impedance  (2^)  of  a  transmitting  antenna  is  the  impedance 

vri-h  which  the  antenna  feeder  is  loaded. 

The  resistance  (R^)  in  the  input  impedance  includes  the  radiation 

resistance  equated  to  the  current  flowing  in  the  antenna  input  (R^)  and 

the  resistance  of  the  losses  (R,  ) 

1033 
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R  -  R-  -  R 
A  iA  loss 

The  entenna  radiation  height  is  the  theoretical  length  of  sosc  equivalent 
linear  array  antereta  with  uniformly  distributed  current  along  a  conductor  and 
a  "current  area"  (Sj),  equal  to  the  "current  area"  of  the  real  antenna 
(fig.  4.29) 


h 


rad 


S/IA’ 


where 

is  the  current  at  the  antenna  terminals. 


Figure  4.29.  Determination  of  antenna  radiation  height. 


Antenna  par an« tens  are  associated  with  h  .by  the  dependencies 

raa 


hrad  “  ^  W 


(4.6l) 


where 


f»ax  is  the  nuueimua  value  of  an  unnornaliaed  pattern; 

E_._  “  6°niyXD.hra<j.  (4.51a) 


4*14  The  Receiving  Antenna  and  Its  Paranetera 

Th/e  receiving  antenna,  can  "be  represented  as  a  generator  of  an  eaif  with 
an  Internal  impedance  Z^.  The  equivalent  circuit  of  a  receiving  antenna 
loaded  with  impedance  is  shown  in  Figure  4-^0  - 


Figure  400.  Equivalent  circuit  for  a  receiving  antenna. 


The  receiving  pattern  of  a  receiving  antenna  can  be  established  as  the 
dependence  of  the  emf  induced  on  the  angle  of  incidence  of  the  arriving  wave* 
The  effective  height  of  the  receiving  antenna  can  be  established  as  the 
dependence  of  the  cm!  induced  on  the  angle  of  incidence  of  the  arriving  wave. 

The  effective  height  of  the  receiving  antenna  is  the  coefficient  linking 
the  antenna  enf  with  the  intensity  of  the  electrif  field  for  the 

direction  of  maximum  reception  (given  the  condition  that  the  receiving  antenna 
is  oriented  in  accordance  with  field  polarization) 

c  st  Eh 

rec  max  rao 


(4.62) 
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The  directive  gain  of  a  receiving  antenna  is  a  number  indicating  the 
factor  by  vnich  the  power  o*  the  incoming  signal  arriving  from  the  direction 
ox'  naxinua  deception  is  greater  for  a  directional  antenna  than  it  is  for  an 
isotropic  radiator. 

The  receiving  pattern,  the  effective  height,  and  the  directive  of 

an  antenna  in  the  receiving  mode  are  the  sane  as  the  corresponding  parameters 
ox'  the  same  antenna  operating  as  a  transmit  Ler,  The  internal  impedance  of  a 
receiving  antenna  is  equal  to  the  input  impedance  of  the  same  antenna  in  the 
transmitting  code.  These  are  the  properties  that  are  the  antenna  reciprocity 
properties. 

The  power,  prec»  delivered  by  the  receiving  antenna,  to  the  matched  load 
is  established  through  the  formula 


where 


P  =  US,. 
rec  A 


il  is  the  power  density  in  an  incident  plane  wave; 

S.  is  the  antenna  capture  area. 

The  antenna  capture  area  is  linked  with  the  other  parameters  by  the 
dependency 

5  =  \2/4n-g  1  F“(ts>i  6)  -  (4.63) 

A  max 


In  the  event  of  a  nismatch  of  the  load,  the  magnitude  of  S.  .  is 

A  mis 

rediced  in  proportion  to  the  degree  of  mismatch 


where 


SA  *is  “  V1  -  K J  >’ 


(4.64) 


is  the  voltage  reflection  coefficient. 

The  effective  surfaces  of  antennas  are  the  radiating  surfaces  vith  size 


S  equals 

9 

where 


S  X  _ 
g  uf* 


(4.65) 


K  .  is  the  surface  utilization 


factor. 


4.15  Systems  of  Radiators 

The  resultant  system  pattern  (F  }  for  identical  radiators  can  be 
established  by  the  multiplication  rule.  It  equals  the  pattern  of  one 
radiator  in  the  system  (F^)  multiplied  by  the  system  factor  (7^) 


F 

rs 


FiV 


{4.66J 


The  system  of  radiators  is  said  to  be  linear  if  the  radiators  are 
positioned  in  line. 
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The  factor  for  a  discrete  equal  amplitude  liner..'  system  of  identical 
radiators  (fig.  4-31 )  with  a  linear  increase  in  the  -..itial  phases  of  the 
i-elds  can  be  established  through  the  formula 

Sin  — 

(4.  67 ) 


where 


is  the  number  of  elements  in  the  systea; 
p^=2rc/X  d^sinS  -  ^  is  the  generalized  coordinate; 
is  the  distance  between  radiators  in  the  systea; 
is  the  difference  in  the  initial  phases  of  the  fields  of  adjacent 
radiators. 

The  factor  for  a  similar  continuous  system  of  radiators  is  in  the  following 


fora 


where 


<4.66) 


§^.=L ^2(277/1  sin  G-cjO  is  the  generalized  coordinate; 
is  the  systea  length; 

is  the  phase  displacement  per  unit  length  of  the  systea. 

The  width  of  the  major  lobe  of  the  factor  for  linear,  equal  amplitude 
systems  can  be  established  through  the  following  approximate  formulas: 
for  a  discrete  systea  when  ^  5 


9<usa2arc£in7^-; 


(4.69) 


for  a.  continuous  systea 


(4.70) 


In  linear  systems  on  which  the  cosine  amplitude  distribution  diminishes 
toward  the  edge  the  width  of  the  major  lobe  of  the  system  factor  is  approxi¬ 
mately  1.3  times  that  found  in  a  system  with  uniform  amplitude  distribution. 

A  flat,  rectangular  laxtice  of  radiators  (fig.  4.32)  can  be  taken  as 
a  linear  system  consisting  of  X  parallel  rows,  each  of  which  is  a  linear 
system  of  elements.  In  accordance  with  the  multiplication  rule,  the 
factor  for  an  equal  amplitude  system  of  radiators  located  in  a  recxangular 
plane  can  be  established  as 
for  a  discrete  system 


Fi  C/V  P,} 


■*>r 


•Vr.’y 


-Y-siri  —£• 


(4.71) 


for  a  continuous  systea 


s)-— 


sine, 

E, 


K3fy 

“ 


(4.7=) 
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and 


In  the  formulas  at  (4.71 )  and  (4-72)  the  generalized  coordinates  p 

y 

§y  can  be  found  similarly  through  the  formulas  at  (4.67)  and  (4-68). 


*-2 


Figure  4-31.  A  linear  straight-line-phase  system  of  radiators. 


/ 


Figure  4*32.  A  two-dimensional,  lattice  of  radiators. 


The  gain  for  a  system  of  radiators  continuously  distributed  on  a 
plane  can  he  computed  through  the  formula 


U  ■  Wx2saeoKufV 


(4.73) 


In  the  equal  amplitude  system  K  »  1,  and  in  a  system  with  a  cosine  distri¬ 
bution  on  one  of  the  sides  of  the  rectangular  plane  it  equals  O.Bl. 

The  position  of  the  main  maxima  of  the  factors  for  systems  of  radiators 
positioned  discretely  and  continuously  are  respectively  determined  on  the 
basis  of  the  conditions  that 

<* 

(4.74) 

5WV«— ! £-  (4.75) 

where 


O’ 


is  an  angle  includes  by  the  direction  of  the  maximum  radiation 
and  the  perpendicular  to  the  axis  of  the  ra-li&tors. 
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4.l6  Electrical  Control  ol  tr.fc  Radiation  Pattern 

Tee  position  of  the  main  maximal  of  the  radiation  by  the  system  can  be 
controlled  by  changing  the  distance  between  the  elements,  d,  by  changing  the 
wavelength,  and  by  changing  the  phase  displacements  9  and  o'. 

licnnecha-iical  tilting  ol  the  radiation  pattern  is  based  on  thin  and  is 
usually  done  by  controlling  the  phase  displacements  (phase  control),  or  by 
changing  frequency  (frequency  control),  both  types  of  control  can  be  exer¬ 
cised  mechanically,  or  electronically. 

Phase  control  is  exercised  by  using  various  types  of  mechanical  and 
electrical  phase  shifters,  with  the  phase  shifters  connected  into  the  circuit 
of  each  of  the  elements  in  the  lattice.  The  increase  in  phase  from  element 
to  element  tohes  place  in  accordance  with  a  linear  law.  Control  reduces  to 
smoothly  changing  the  phase  in  each  element  from  the  highest  value  to  zero, 
and  then  to  the  highest  value  with  opposite  sign,  causing  the  main  maximum  to 
shift  from  one  extreme  position  to  the  other. 


Figure  4.33*  Schematic  diagram  of  phase  control  of  the  switching  of 
the  radiation  pattern  by  frequency  conversion. 

A  -  mixers;  S  -  local  oscillator;  C  -  receiver;  D  - 
adjustable  delay  line. 


Used  as  mechanical  phase  shifters  arc  changeable  length  stubs,  controlled 
phase  transformers,  rotatable  type  phase  shifters,  and  others.  The 
electrical  phase  shifters  usually  used  are  waveguides  with  magnetized  ferrites, 
semiconductor  diodes  with  a  controlled  capacitance  for  the  junction,  and  con¬ 
trolled  inductances  with  saturation.  It  is  also  possible  to  use  waveguides 
with  an  electrified  ferroelectric  material ,  or  an  electron  plasma. 

One  such  phase  control  circuit,  called  a  circuit  with  frequency  con¬ 
version,  is  shown  in  Figure  4.33*  Here  the  direction  of  the  principal  maximum 
is  determined  from  the  condition 


where 


e,  lea 
“ft  * 


(4.76) 


is  the  dephasing  of  successively  radiating  elements  over 
section  1  of  a  delay  line  between  the  taps  of  two  adjacent  channels; 


RA-015-68 


240 


Ji,  is  the  line  ■aavelcrgth; 
ixr.c 

is  the  dephasinQ  at  successively  radiating  elements  along 
the  array  between  two  adjacent  radiators; 
c  is  the  distance  between  these  radiators; 

n  is  a  factor  selected  in  accordance  with  the  magnitude  of  the 

phase  displacement  and  the  size  of  the  sector  of  radiation  pattern 
switching. 

Frequency  control  is  illustrated  by  the  series  circuit  shown  in  Figure 
4*34.  The  position  of  the  principal  maxitnua  for  the  radiation  from  the  array 
is,  in  this  case  as  well,  determined  from  the  condition  at  (4*76),  which  is 
in  the  fora 


sin  3 


,ywt/d  - n  ^d* 


(4.77) 


Figure  4.3-*.  Frequency  control  series  circuit  for  switching  a  radiation 
pattern. 


Frequency  control  is  accomplished  as  a  result  cf  the  dephasing  of 
successively  radiating  elements  from  element  to  element,  and  is,  in  fact,  the 
result  of  change  in  frequency*  This  control  can  be  realized  through  the 
use  of  frequency  modulation. 

Switching  of  frequency  and  phase  can  be  done  from  pulse  to  pulse,  as 
well  as  inside  a  pulse. 


4.17  Dipole  Antennas.  The  Symmetrical  Dipole 

The  radiation  pattern  of  a  symmetrical  dipole  (fig.  4  .35)  in  the  plane 
of  the  electrical  vector  can  be  expressed  through  the  following  dependency 


/<e>- 


ew(^isi3e).-t«(h>) 


cos  0 


(4.7S) 


The  dipole  radiates  non directionally  (fig.  4.36b)  in  the  magnetic 
plane.  The  radiation  pattern  of  the  most  widely  used  half-wave  symmetrical 
dipole  <2i  =  X/2)  can  be  established  through  the  expression 


^(0)=/(G}  = 


COS 


£~siae) 
ct»s  0  — 


(4.79) 


and  is  in  the  form  shown  in  Figure  4.36a*  The  amplitude  of  the  field 
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associated  with  this  dipole  can  be  computed  through  The  formula 

E(e)  =  60  i1ooi/d  *  f(9),  (4.30) 

where 

*loop  “S  lo®P  current  j 

D  is  the  distance. 


it 


Figure  4 .35-  Symmetrical  dipole. 


Figure  4.3 6.  Radiation  patterns  of  a  half-wave  symmetrical  dipole  in 
the  electrical  (a)  and  magnetic  <b)  planes. 


The  active  portion  of  -the  input  impedance  of  a  half-wave  symmetrical 
dipole  equals  R^  -  73.1  ohms,  lhe  effective  height  of  this  dipole  equals 
l/-T,  as  per  the  formula  at  (4.61c),  and  the  directive  gain  is  equal  to 
1.64. 

The  reactive  portion  of  the  input  impedance  of  a  half-wave  thin  symmetrica 
dipole  is  inductive  in  nature  and  equals  42.5  ohms.  Consequently,  the  length 
of  this  dipole  is  longer  than  the  resonant  length.  The  dipole  am  mist  he 
shortened  to  a  length  equal  to  the  following  in  order  to  tune  to  resonance 


(4.81) 


(4.82) 


r  is  the  radius  of  the  dipole  conductor. 

Dipole  arrays-  The  radiation  pattern  of  an  array  can  be  established 
through  the  multiplication  rule  at  (4.56).  The  total  radiation  resistance 
and  the  effective  height  of  a  cophasal  array  consisting  of  an  adequate  number 
of  half-wave  dipoles,  using  a  parasitic  reflector,  can  be  computed,  approxi¬ 
mately,  through  these  formulas 
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array1- 


-35yy, 


(4.83) 


h  -  SJi  N  J/yr, 

cSS  array  x  y 


(*i.84) 


N  aad  X  ara  The  nusbara  of  dipoles  alone  the  OX  arM  OS  axes. 

XV 

The  array*#  directive  gain  cm  be  computed  through  the  1'orrrula  at 
(4*73)  -  At  the  sane  tiae  the  capture  area  of  the  array  equals 


Sa«30, 


off  arra* 


./*r 


array 


(4.85) 


4.lS  Director  Antenna. 

A  director  antenna  is  the  naxe  giver*  to  a  linear  array  (fig.  4.31)  con¬ 
sisting  of  a  directly-fed  antenna  and  parasitic  elements,  the  noxious  radia¬ 
tion  froo  which  is  directed  to  one  side  along  its  axis. 

Suppression  of  ihe  radiation  to  the  opposite  side  of  the  array  axis 
is  achieved  because  the  elements  are  spaced  l/4  apart  (fig.  4.37)  and  have 
a  phase  difference  of  $  *  9C*. 

In  the  director  antenna  the  supply  is  delivered  to  The  directly-fed 
antenna  only.  The  other  elements  reradiate  the  directly-fed  antenna  field 
and  are  called  parasitic  elements.  The  initial  gha.se  of  the  field  associated 
with  xhe  paras ixic  directors  lags  the  phase  associated  with  the  field  of 
the  directly-fed  antenna*  so  the  directors  are  shorter  than  the  directly-fed 
antenna  and  their  reactance  is  capacitive. 

Tho  field  reradiated  by  the  reflector  leads  the  field  associated  with 
the  directly-fed  antenna-  The  reactance  of  the  reflector  is  inductive,  and 
its  length  ±£  longer  than  that  of  the  direct ly^fed  antenna. 


i 


Figure  4.37*  director  antenna  ("wave  duct”). 

A  director  antenna  with  more  than  one  director  is  usually  called  a  ’Vavc 
duct."  The  average  value  of  the  distance  in  the  rVave  duct  "is  between 
0.25  and  0-35  The  directive  gain  of  a  wave  duct  with  length  L  equal  & 

G 

BOX 


a-  5(1  *  ~W\) 


(4.65) 
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The  directive  gain  of  a  wave  duct  is  usually  20  to  30,  and  the  width  of  the 
radiation  pattern  is  30  to  40°.  ft  can  be  computed,  approximately,  through 
the  formula 

0O  5  -  bY^L,  (4.87) 

viier  o 

B  is  a  factor  with  a  value  of  65  to  70- 


Figure  4*38 •  Videband  raultiunit  device  with  reactance  compensation 
(a)  and  the  principle  behind  this  compensation  (b). 

1  -  resonant;  2  -  line. 


The  wave  duct  is  a  comparatively  narrow— band  system.  In  order  to  widen 
its  bcr.dpass,  a  loop  dipole,  sometimes  made  with  jumpers  and  bosses,  is 
used,  as  is  a  special  device  in  the  form  of  an  array  of  directly— fed,  shortened 
antennas  (fig.  4.38),  as  the  directly-fed  antenna.  The  band  voerage  by  this 
device  is  improved  because  the  compensation  from  the  capacitance  of  each  of 
its  dipoles  is  opposite  in  sign  to  the  reactivity  of  the  short-circuited 
line-  The  band  coverage  by  the  wave  channel  can  also  be  improved  by  using 
broadband  reflectors  (fig.  4  -39^  - 

A  linear  array  of  "wave  ducts"  has  greater  radiation  directivity  than 
a  simple  wave  duct.  The  directive  gain  of  this  system  is  higher  at  optimum 
distance  and  the  magnitude  of  this  distance  is  taken  as  equal  to  1  to  1.2  X* 


Figure  4.3^-  Two  types  of  multiple-tuned  dipole  reflectors. 
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Two-stacked,  director-type  antennas  are  used  with  detection  radars  to 
form  the  radiation  pattern.,  which  looks  like  the  cosecant  pattern,  and  to 
provide  a  way  in  which  to  measure  target  elevation.  This  close  similarity 
to  the  cosecant  shaped  radiation  pattern  is  the  result  of  the  distribution 
of  the  power  radiated  between  the  upper  (P^  and  lower  (P^  ^  -antenna 
stacks,  given  the  condition  that 

Vhi  “VWPn  -VvS  ■  (4-2£) 

where 

is  the  height  of  the  upper  (lower)  stack; 

P°wer  distribution  factor. 

The  distance  between  the  stacks  can  be  computed  for  the  condition  that 
the  mutual  overlapping  of  the  direction  of  zero  radiation  by  one  stack  cor¬ 
respond  to  the  maximum  of  the  radiation  from  the  other  stack  (fig.  4.4). 

At  the  same  time,  =  (1-5  to  2)  h^. 

If  the  stages  are  fed  about  90°  apart  in  phase,  the  radiation  pattern  of 
the  two-stacked  antenna  in  the  vertical  plane  is  in  the  form 

/W=4S*W  Van ')  T-J*i.sin!^£\s£n*),  (4.89) 

where 

c  is  the  elevation; 

Fwd(c )  is  the  wave  duct  radiation  pattern  in  the  vertical  pi  ar  e  - 

This  wave  duct  is  advantageous  because  it  has  no  deep  nulls.  A  Y-trans- 
fomer  (fig-  4-41)  is  used  to  distribute  the  power  between  the  stacks  in  the 
specified  ratio.  It  simultaneously  provides  a  match  between  the  feeder  coming 
from  the  generator  and  the  feeder  branches  going  to  the  stacks*  The  following 
relationships-  exist  in  the  I- transformer  circuitry 


)=eos;  (-£•/,) 

(K 

<b.-4  +  t- 


(4*90) 


The  radiation  pattern  of  a  two- stacked  antenna  provides  a  means  for  making 
an  approximation  of  target  elevation  if  this  pattern  is  controlled  by  a 
rpcciol  device.  Used  fer  the  latter  purpose  is  a  stack  supply  transfer  switch 
that  supplies  the  stacks  in  phase  and  out  of  phase,  as  well  as  a  goniometer. 

A  goniometer  is  a  Y— transformer  with  sliding  contacts  at  points  1  and 
2.  The  condition  of  +  X/4  must  rot  be  upset  when  these  contacts 

are  moved.  The  resultant  elevation  radiation  pattern  changes  with  the  positions 
of  brushes  1  and  2,  so  e  can  be  determined  by  the  change  as  shown  on  a 
suitably  scaled  goniometer. 


KA-015-68 


145 


A.  B 

/•J-V  >009 


C  £<*■ 

Figure  4.41,  Schematic  diagram  of  a.  Y-traasformer  and  a  goniometer. 

A  -  to  upper  stack;  B  -  to  lower  stack;  C  -  from 
transmitter . 

4.19  Mirror  Antennas 

Antennas  in  which  the  field  in  the  aperture  is  formed  as  a  result  of  the 
reflection  of  electromagnetic  vaves  from  a  metal  surface  with  a  special  profile 
are  called  mirror  antennas.  This  antenna,  in  addition  to  the  mirror,  also 
has  an  exciter.  The  type  of  antenna  is  determined  "by  the  shape  of  tie  mirror. 
The  field  created  by  a  mirror  antenna  in  space,  as  well  as  its  field  distri¬ 
bution,  are  determined  by  the  amplitude  and  phase  distribution  of  the  field 
in  the  aperture.  The  aperture  is  a  flat,  continuous  system  of  exciters,  so 
its  feed  pattern  can  be  determined  in  accordance  with  the  rules  for  flat 
continuous  systems.  The  magnitudes  characterizing  the  feed  pattern  of  various 
apertures  with,  respect  to  the  amplitude  distribution  are  listed  in  Table  4.3- 

Table  4.3 

Principal  characteristics  of  radiating  apertures 


Shape  of  aperture 

Amplitude 

distribution 

X. 

IP 

RP  wiath  at 
0-5P,  degrees 

First  side  lobe 
level 

Rectangular  a  X  b 

Uniform  with 
respect  to  a 

51  X/b. 

0.21 

Uniform  with 
respect  to  h 

51  XA 

0.21 

Rectangular  a  ac  h 

Uniform  with 
respect  to  a 

O.Sl 

51  X/a 

0.21 

Cosinusoidal 
respect  to  b 

with 

67  XA 

0.07 

Round,  radius  r^ 

Uniform 

1 

60  X/2rQ 

0.2 

The  gain  of  a  mirror  antenna  can  be  established  through  tho  formula  at 
(4.73).  The  efficiency  of  this  type  of  antenna  depends  not  only  on  the 
energy  loss  during  the  energy  conversion  process,  hut  on  the  losses  resulting 
from  energy  leakage  from  the  mirror  as  well.  The  gain  of  a  mirror  antenna 
has  its  highest  value  in  the  case  of  the  optimum  product  K^pl)A-  This  value 
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is  usually  equal  to  0.3  to  0.4.  This  can  be  provided  by  that  Teed  pattern 
in  which  the  power  density  incident  at  the  edge  of  the  nirrcr  is  reduced  to 
0.1  ito  value  at  the  center. 

Single  radiators,  continuous  «d  discrete  systems  of  sources,  can  be 
used  es  nirror  antenna  exciter*. 

4.20  The  Parabolic  Antenna 

A  mirror  antenna  in  which  the  profile  of  the  nirror  is  a  parabola  is 
called  a  parabolic  antenna. 


Figure  4.42.  Parabolic  antenna  operating  principle. 

In  the  parabolic  antenna,  the  length  of  the  optical  path  covered  by 
all  beans  from  the  focal  point  to  the  mirror,  and  after  reflection  to  the 
surface  of  the  aperture,  is  identical  (fig.  4.42).  Thus,  the  parabolic  an¬ 
tenna  can  convert  the  spherical  front  of  a  wave  from  the  source,  which  is 
at  the  focal  point,  onto  a  flat  front  in  the  aperture. 

Moreover,  after  reflection  from  the  mirror  the  beams  diverging  from 
the  focal  point  are  parallel.  This  property  is  what  makes  for  the  highly 
directive  adiation  from  parabolic  antennas. 

The  mirror,  a  paraboloid  of  rotation,  forms  a  pencil-beam  pattern. 
Truncated  paraboloids  are  used  to  form  fan— beam  patterns.  The  truncation 
can  be  symmetrical,  as  well  as  unsymetrical,  with  respect  to  the  focal 
plane  (fig.  4.43).  This  latter  is  what  makes  it  possible  to  considerably 
reduce  the  screening  effect  of  the  exciter  and  the  reaction  of  the  mirror  on 
the  exciter  by  positioning  the  exciter  outside  the  some  of  the  most  intensive 


Figure  4.43.  Uneysetzically  truncated  parabolic  antenna  with 

radiation  maximum  displaced  in  order  to  reduce  the 
screening  effect  of  the  exciter  and  mirror  reaction 
on  the  exciter, 

A  -  radiation  maximum. 

The  width  of  the  radiation  patterns  of  parabolic  antennas  can  be  com¬ 
puted  approximately: 

in  the  electrical  plena 


(4.91) 
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in  the  anoretic  plane 


where 


(4-92) 


BOE(H)  radius  of  the  paerture  in  the  corresponding  plane. 


Hie  parabolic  antenna  mill  fora  a  fan-beam  pattern  if  a  linear  system 
of  discrete  sources  (fig.  4-44)  is  used  as  the  exciter-  The  displacement, 
AX,  of  the  source  from  the  focal  point  (fig,  4.44a)  leads  to  a  displacement 
of  the  maximum  in  the  radiation  pattern  by  the  angle  A0.  These  magnitudes 


are  associated  by  the  relationship 


*-*”=’ 2/isr-r,  (4.93) 

■where 

f  is  the  parabola's  focal  length. 

By  using  a  ruler  of  discrete  exciters  fed  from  a  coanon  channel 
(fig-  4.44b)  we  can  form  a  fan-beam  pattern  because  the  fields  of  the  in¬ 
dividual  sources  ere  added.  If  each  of  the  exciters  if  ed  independently 
(fig.  4.44c)  we  can  form  a  fan  of  partial  (independent)  patterns. 

When  the  exciter  is  moved  out  of  the  focal  point  defocusing  occurs, 
and  the  result  is  an  increase  in  the  pattern  width  and  a  drop  in  the  directive 
gain  (fig.  4.45).  This  is  a  shortcoming  of  parabolic  antennas.  It  can  be 
eliminated  in  part  in  spherical  and  in  spherical— parabolic  antarmas. 


Figure  4.44.  Principles  involved  in  the  deflection  of  the  maximum 

in  the  radiation  of  a  parabolic  antenna  (a),  and  their 
use  as  the  basis  for  the  formation  of  a  fan-beam  (b) 
and  of  partial  (c)  patterns. 


A  shallow,  spherical  mirror  mill  function  in  almost  the  same  may  aa 
does  a  parabolic  mirror,  if  the  exciter  ie  located  at  e  point  half  the  radius 
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Figure  4.45.  The  coefficient  of  reduction  In  the  directive  gain  (y) 
and  the  coefficient  of  expansion  of  the  lain  lobe  (It) 
in  the  radiation  pattern  of  a  parabolic  antenna  in  term 
of  the  displacement  cf  the  exciter  ftea  the  focal  point. 


Figure  4.46. 


Principle  of  operation  of  the  apherical  nirror. 


Figure  4.4?.  Spherical-parabolic  nirror. 

of  the  sphere,  end  if  the  direction  of  its  max) gam  radiation  is  oriented  along 
the  radius.  The  bean  reflected  Ina  the  mirror  passes  through  the  center 
of  the  sphere.  If  the  exciter  Is  displaced  by  some  angle,  the  bean  will  be 
deflected  by  that  sane  angle.  This  is  the  basis  on  which  the  fan-baas 
pattern  (fig.  4.46)  can  be  constructed. 

The  shape  of  the  spherical  mirror  can  be  made  parabolic  to  improve  its 
focal  properties  In  one  of  the  planes.  The  spherical-parabolic  antenna  can 
thus  be  formed  (fig.  4.47). 

4.21  Mirror  Antennas  with  a  Cosecant  Pattern 

The  methods  discussed  above  in  connection  with  the  formation  of  fan- 
beam  patterns  can  be  used  to  farm  cosecant  radiation  patterns.  Then  too, 
that  method  which  changes  the  shape  of  the  parabolic  mirror,  that  is,,  using 


HA-015-68 


149 


a  airror  with  a  4m1  cnrwiture  (fig.  4.48),  can  also  be  need. 


Figure  4.48.  Principle  of  operation  of  a  Mirror  with  dual 
curvature. 


Hie  cosecant  pattern  has  tw  distinctive  sections  (fig.  4.27).  A  so- 

called  triangular  fan  is  contained  within  elevation  limits  from  cm<rl  to 

C  -  The  cosecant  fen  is  contained  within  the  sector  from  c.  to  c 
fan  fan  sax. 

The  triangular  fa n  forms  as  in  the  conventional  fan-beam  pattern. 

The  number  of  displaced  exciters  needed  to  fora  this  fan  can  he 
established  thrtsigb  the  formula 

"  =  efan  _  ‘«i»/90.5kav*  (4*94) 

Bert  the  nvtra&e  value  of  the  expansion  factor  <k^)  for  the  pattern  as 
a  result  of  the  displacement  of  the  exciter  from  the  focal  point  can  be 
taken  according  to  tho  number  (»)  of  exciters  required.  This  is  why  the  com¬ 
putation  through  the  formula  at  (4.94)  can  be  carried  out  by  successive 
approximations. 

The  number  of  exciters  needed  to  form  the  cosecant  fan  can  be  computed 
similarly. 

A  cosecant  shaped  pattern  can  be  arrived  at  by  a  redistribution  of  the 
powers  radiated  in  the  fan  and  by  changing  the  directive  gain  in  various 
sections  of  the  fan. 

The  intensity  of  the  electromagnetic  field  at  the  maximum  of  the  lobe  in 
the  antenna  radiation  pattern  can  be  approximated  through  the  formulas 
in  the  near  zone 

nav-3FEm/V 

in  the  far  *on« 

nav  “  p2  avG/Wl2’ 

where 

D  ia  the  distance. 

The  distance  to  the  boundary  betwero  the  near  and  far  zones  can  be 
approximated  from  the  condition  that 

“boundary  ^A/8*’  <4*97) 

where 

La  is  the  largest  dimension  of  the  antenna  aperture. 


(4.95) 

(4.96) 
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4-22  Anti-T-R  Boxes 

Anti-T-R  boxes  are  used  with  radars  having  a  r  n— nn  antenna  to  switch 
the  antenna  to  the  transnitter  when  the  latter  is  trswitting,  and  to  the 
receiver  when  that  unit  is  receiving.  Anti-T-R  boxes  e*n  be  divided  into 
switchgear  and  those  built  using  non- reversible  elements. 

Resonant  stubs,  balanced  bridges,  and  circulators  (balanced  asti-r-R 
boxes)  are  used  in  switchgear  types-  A  typical  schematic  or  an  enti-T-R  box 
using  resonant  stubs  is  shown  in  Figure  4-49-  A  gas  discharger  is  the  switch 
In  this  circuitry-  Three  stages  of  blocking  in  the  receiving  branch  provide 
reliable  protection  for  the  receiver  within  the  operating  band  of  frequencies- 

Discharger  P.  is  cut  in  through  a  transformer  in  the  first  blocking  stage, 

®  2 
rarwiiij  tlM  "hot”  kwiitaace  of  the  dlacharger  by  a  factor  of  )  , 

providing  for  heavy  attenuation  of  the  leakaOe  power  in  the  receiver. 


A  —  from  generator,  B  -  to  antenna;  C  -  to  receiver. 


Figure  4.51.  Schematic  diagra—  of  a  balanced  antenna  anti-T-R  box 

designed  to  use  a  circulator  with  a  ferrite  phase  shifter  (a) 
and  the  scbenatic  da  i>nr—  of  the  circulator  in  this  t ranu— 
fer  switch  (b). 


A  -  fro—  generator;  B  -  to  receiver;  C  -  discharger;  D  - 
circulator;  E  -  absorbing  load;  F  —  to  antenna. 
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In  the  meter  band  radars  tbe  transaitter  circuit  la  blocked  by  traw 
fer  dischargers  inserted  is  the  circuit  as  shown  in  the  diagram  in  Figure 
A- 50. 

A  typical  balanced  transfer  switch  circuit,  using  a  circulator,  is 
shown  in  Figure  4.51. 

The  switching  devices  are  connected  to  the  circulator  arms  as  follows: 

to  ora  I  -  generator; 

to  ana  II  -  antenna; 

to  arm  HI  -  receiver; 

to  arm  IV  -  the  absorbing  lead. 

Discharger  Pj,  the  blocking  branch  lor  the  receiver  in  the  transit 
mode,  is  cut  into  arm  H.  This  blocking  is  needed  to  protect  the  receiver 
Iron  the  energy  fed  into  this  arm  if  the  antena  ia  not  amtehed  with  the 
feed  line.  Ska  energy  reflected,  from  diachargar  P„  ia  fed  into  tbe  absorbing 
lead. 

Upon  change  in  the  direction  of  circulation  the  feedback  energy  from 
the  transmitter  is  fed  from  arm  X  into  tbe  Batched  load  (era  XT). 
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Chapter  V 

Owtrodc  Pwicw 

5-  1  Climiific<tip3  of  Electronic  Deriew 

the  principles  of  operation  of  <l«ctnnic  derices  sn  based  on  the 
phenownt  crested  by  currents  of  electrons,  on  cisiimtHiij  -the  notion  of 
tbeoo  currents  and  converting  them  inter  elements  of  thr  devices  theaselTes* 
With  reference  to  the  character! at ica  of  tfao  space  in  ehid:  the  electron 
currents  move,  electronic  device*  are  divided  into  wnia,  gaa  disrharpe, 
and  semiconductor  devices. 

Using  electronic  devices  it  ia  possible  to  aciasspl  ids: 
rectification  (the  conversion  of  sic  current  into  dc); 
generation  (the  conversion  of  dc  current  into  ac) ; 

amplification  (conversion  of  low-pomer  electrical  oscillations  into 
high-power  electrical  oscillations); 

conversion  of  electrical  energy  into  1  i^it  energy  or  light  energy  into 
electrical  energy; 

conversion  of  frequency  and  shape  of  electrical  oscillations,  and 
stabilization  and  cosmutation  of  supply,  voltages  and  currents. 

Vacuum,  ion,  and  semiconductor  electronic  devices  according  to  their 
construction,  purpose,  type  of  electrical  discharge#  in  the  discharge  gases, 
and  also  the  character  of  energy  conversion,  are  divided  into  a  series  of 
standard  groups  or  classes,  the  most  important  of  which  ar a: 

converting  devices;  in  this  group  are  found  rectifiers,  amplifiers, 
generators,  frequency  converters,  switches,  and  other  special  devices  de¬ 
signed  to  convert  electrical  currents  and  voltages; 

photoelectric  devices;  this  group  includes  vacuum  and  gas-filled  pboto- 
elenents,  photo  multipliers,  semiconductor  photodiodes  and  phototransistors, 
electro-optic  image  converters,  and  also  transmitting  television  electron 
ray  tubes.  Photoelectric  devices  are  used  to  convert  light  signals  into 
electrical  signals; 

electronic  indicating  devices;  this  group  includes  the  cathode  ray  tubes 
in  oscillographs,  receiving  television  tubes  (kinescopes),  print-out  indicator 
tubes  (obarsetrons) ,  and  a  series  of  other  special  devices.  Electronic 
indicating  devices  are  used  to  convert  electrical  si  trial a  into  light  signals 
that  can  be  observed  on  lumlnaesmnt  screens. 
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5*2  Conventional  Classification  of  Vacwm  And  Seal  conductor 
Electronic  Devices 

Depending  on  the  operatiny  principle**  purpose*  and  conRtruction 
characteristics,  different  typea  of  electronic  devices  Are  classified 
(marked)  in  accordance  with  a  system  of  conventional  nomenclature,  stipula¬ 
ted  "by  the  All  Union  Standard  COST  5461*59-  The  classification  of  electronic 
devices  consists  of  four  elements  of  letters  and  numbers  (Table  5-1) • 

Table  5-1 

Conventional  classification  of  electronic  devices 


Group 


Classification 


First  element  of  the  classification 


Long-wave  and  short  wave  generator  tubes 

(frequencies  up  to  25  MBs) 

Ultranhortvave  generator  tubes  (frequencies 
from  25  to  600  MHz) 

Pulse  generating  tubes 

Kenotxons 

Voltage  stabilizers  (stabilitrons) 

Current  stabilizers  (current  regulators) 

Pulse  modulator  tubes 

Receiving-amplifying  tubes  and  low-power 
kenotrons 


GK 

GU 

GI 

V 

SG 

ST 

GMI 

A  number  indicating  in  round 
numbers  the  beater  voltage 
involts 


Cathode  ray  tubes 


A  number  indicating  the  dia¬ 
meter  or  diagonal  of  the 
screen  in  centimeters 


High  voltage  pulse  diodes  VI 

Charge— storage  tubes  LN 

Gas-filled  poise  tbyratrons  TGI 

Second  element  of  the  classi  f ication 

D 


Diodes 
Dual  diodes 
Triodes 
Tetrodes 

Low-frequency  pentodes  and  ray  tetrodes 
Pentodes  and  ray  tetrodes  with  sharp  cut-off 

Pentodes  and  ray  tetrodes  with  remote 
cut-off 


Kh 

S 

E 

P 

Zb 


Frequency-converting  tubes  with  two  control 


grids  A 
Triodes  with  one  or  two  diodes  G 
Pentodes  with  one  or  two  diodes  B 
Dual  triodes  '  N 
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Trio4e-ptnto4e 

triod«-h«o}de  and  triode  heptode 

Tuning  indicators 

Oscillograph  tubes  and  kinescopes  sith 
electrostatic  ray  deilectico 

Oscillograph  tubes  with  electnnsgietic 
ray  deflection 

Kinescopes  iritb  electromagnetic  ray 
deflection 

Low-power  keootrous 

Higb-soltege  iccaotrons  ) 

’Voltage  stabilizers  ) 

Charge  storage  tubes  ) 


r 

i 

Te 

DO 

IK 

IX 

T» 

*  nuabor  indicating  the  aerial 
number  of  the  type  of  device 


Third  element  of  the  Clesslticsticc 


Generating  tubes  of  all  ranges  ) 
Cathode  rey  tobea  of  all  types  ) 

Receiving-amplifying  tubes  and  ) 

low- power  kenotrons 


A  number  indicating  the 
serial  number  of  the  type 
of  desks 


Fourth  element  of  -the  el  ossification 


Receiving— amplifying  tubes  end  low- 
power  kenotrons: 

in  a  metal  envelope  None 

in  a  glass  envelope  5 

in  e  ceramic  envelope  K 

"temm"  type  Zh 

miniature  ("finger-tip"),  19  and 

22-5  mm  in  diameter  P 

subminiature,  over  10  ms  in  diamerter  G 

subminiature,  10  nsi  in  diameter  B 

suhminieture,  6  do  in  diameter  A 

with  a  retainer  in  the  switch  L 

with  disc  .solders  D 


Notes:  1 .  A  nonexisting  element  in  the  conventional  classification  (besides 
the  last  one)  is  marked  with  a  dash. 

2.  Besides  the  four  elements  in  the  classification  for  receiving- 
amplifying  tubes,  there  may  be  additional  letters:  V  -  for  vibration- 
resistance  devices,  lie  -  for  long-lived  devices,  X  -  for  pulse  devices. 


A  fraction  appears  as  the  fourth  element  of  the  classification  for 
high-voltage  kenotrons,  gas-filled  tube  rectifiers,  end  tbyratrons:  the 
numerator  gives  the  average  and  pulse  current  in  amperes)  the  denominator 
gives  the  allowed  reverse  voltage  in  kilovolts. 
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Exampl  eas  1-  6N1P-Yes  "6"  -  heater  voltage  6*3  v;  "N"  “  dual  triode; 

"1"  -  series  number  of  the  type;  "P”  miniature  configuration  ("finger-tip” 
tube):  "Ye"  -  long-lived  device  (5, OCX)  hour  life-tine).  2.  45LM1V:  "45"  - 

screen  diameter  approximately  45  cm;  "LM”  -  oscillograph  tube  with  electro¬ 
magnetic  ray  deflection;  "1”  -  serial  number  of  the  type;  ”V”  -  two-layer 
screen,  white  glow,  yellow  afterglow  (see  the  basic  parameters  of  cathode 
ray  tubes).  3.  TGI1-700/25*  "TGI"  -  gas-filled  tbyratron,  pulse;  "1"  -  serial 

number  of  the  type;  ”700/25"  -  700  A  anode  current  in  the  pulse  and  25  kv 
maximum  anode  voltage. 

System  of  Harking  Semiconductor  Devices 
1st  element  in  the  classification:  a  letter  or  a  number  specifying  the 
original  material. 

G  or  1  for  germanium.  Letter  if  t  <  €0*C;  number  of  t  >.  70*C. 

max  max 

K  or  2  for  silicon,  letter  if  <  85*C;  number  of  >  120°C. 

A  or  3  for  gallium  arsenide# 

2nd  element:  a  letter  designating  class  or  group  of  devices. 

Diode  —  D; 
transistors  -  T; 
variable  capacitors  -  V; 
superhigh  frequency  diodes  -  A; 
photo  devices  —  F; 
non  controlled  thyristors  -  N; 
controlled  thyristors  -  U; 
tunnel  diodes  -  X; 
stabilitrons  (Zener  diodes)  —  S; 
rectifier  columns  or  blocks  -  Ts. 

3d  element:  number  specifying  the  purpose  or  electrical  characteristics 
of  the  devices  (Table  5-2). 

4>  eleaeat:  letters  (A,  B,  C,  .*•),  determining  the  variety  of  a  given 
development  type. 

Exqgpl eg:  Germanium  parametric  diode  -  1A402A;  silicon  mixing  detector  - 
2A101A;  tunnel  diodes  of  gallium  arsenide  -  31301a  to  3I301G;  germanium 
transistor  -  IT308A  to  IT308G;  silicon  transistor  -  2T301  to  21301Zh. 
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Table  5- 2 


Third  elramt  of  the  classification  for  semiconductor 
devices 
For  Diodes 


JJoncon  t  rol  1  ed 


Rectifiers 

*• 

i:  \ 

5I  j 

!  1  ! 

6  \ 

' 

n 

12§ 

1  1 

& 

El 

HG5552 

1  - 

ft 

Sl 

3*f 

-I 

j! 

'7. 

•  a 

*  X. 

is 

e 

1  ■ 

9. 

1* 

13 

iq| 

is 

»« 

iii. 

if 

tl 

1 1 

!  li 

l  ** 

2  i 

9  if 

Wl-199 

|  aoi -as 

i 

joi-W 

1 

-*0—09 

SCI-C99 

131—999 

loi-ia 

|  XI -299 

301-99 

«0l-*99 

301-** 

IM-19I 

Ml-3^9 

i3i— m 

XI -99 

1 

j  301-99 

Controlled 

thyristors 

>  Tunnel 

.  Stabilitrono 

1 _ •  low  power  1 

•  Hic| 

h  power 

1  •*  1 
.li  I 

“  i 

2  ** 
|i 

5s 

3i| 

15 

%  j 
||  ' 

[1h 

i  •  2 

“  i* 

fi 

*t  1 
*•* 
i 

«  , 

a 

= 

£ 

8 

1 

% 

* 

l 

i 

i 

8 

01 

*»* 

t 

■n 

o 

*  1 
*  | 

£ 

1 

3 

JOl-199 

301-99 

101  -l»l 
i 

:  X 1-299 1 

1 

1 

XI-9? 

«w-«w 

(01-399 

«I-«9 

1 

701—399 

1  1 

j  *01-09 

901-959 

For  Transistors 


Low  power 

Average  power 

hxgfc 

i  -power 

1 

1 

egwraem- 

L7 

18  — 

19  “ 

17  j 

19— 

17  "» 

19“  "' 

101-199 

M-m 

1 _ 

J01— 109 

41-49 

■  SC1-SS0 

mins 

Kl— 999 

1 

Keys  1  -  low  power;  2  -  average  power;  3  -  high  power;  4  -  universal; 

5  -  pulse:  6  -  variable  capacitors;  7  -  mixing ;  8  -  video;  9  - 
modulator;  10  -  parametric;  11  -  switching;  12  -  photodiodes; 

13  -  photo  transistors;  14  -  generators;  15  -  amplifiers;  16  - 
switching;  17  -  law  frequency;  18  -  middle  frequency;  19  -  high 
frequency. 

Before  introducing  the  new  classification  system  for  semiconductor 
devices  in  1964,  all  semiconductor  diodes  developed  earlier  had  D  as  the 
first  element  of  the  classification,  and  transistors  bad  the  letter  P- 
The  second  element  for  diodes  and  transistors  was  a  number  signifying  the 
purpose  or  electrical  properties  Of  the  device,  and  the  third  element  was 
a  letter  (A,  B,  C...),  which  differentiated  the  different  types  of  a  given 
device. - 

Examples  of  the  old  nomenclature:  diodes  •  D1A  to  DlZh;  D219A,  ..., 
transistors  -  Pi 5,  P502  to  P502V,  etc. 

5.3  Vacuum  Tubes 

The  principle  of  operation  of  vacuum  receiving— amplifying  and  generating 
(transmitting)  tubes  is  based  on  controlling  the  density  of  an  electron 
flow  in  the  operating  space  of  tbe  tube  by  changing  the  voltage  applied  to 
tha  electrodes. 
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Amplifying  activity  of  the  tube  is  caused  by  the  difference  in  decree 
to  which  the  grid  and  anode  voltages  affect  the  anode  current;  grid  voltage 
has  a  ouch  greater  effect  on  anode  current.  This  allows  weak  signals,  con¬ 
ducted  to  the  controlling  grid,  to  create  large  changes  in  anode  current  and 
to  effect  amplification  or  generation  of  electrical  oscillations. 

Tubes  with  control  grids  nay  be  used  for  amplification  or  generation. 
However,  special  generating  and  modulating  tubes  are  usually  used  in  trans¬ 
mitting  tube  circuits.  The  characteristic  peculiarity  of  these  tubes  in 
comparison  with  receiving-amplifying  tubes  is  the  increased  size  of  the 
electrode  system,  the  comparatively  large  values  of  supply  voltages,  currents, 
and  dissipated  power.  Generating  and  modulating  tubes  in  most  cases  'are 
cooled  by  forced  air  or  liquid. 

The  physical  processes  in  generating  and  modulating  tubes  are  practically 
no  different  from  the  physical  processes  taking  place  in  receiving-amplifying 
tubes  with  control  grids. 

Fundamental  Characteristics  of  Electron 
Tubes 

The  properties  of  electron  tubes  are  divided  into  characteristics  and 
parameters,  which  are  given  in  special  handbooks  of  electronic  devices  or 
which  arc  indicated  on  rating  plates  on  each  electron  tube.  The  most  useful 
characteristics  are  the  following:  anode,  anode-grid,  grid- anode,  and  grid. 

The  anode  characteristic  is  the  relationship  of  anode  currant  to  the 
voltage  on  the  anode  with  constant  colt  age  on  the  remaining  electrodes. 

The  anode-grid  characteristic  is  the  ratio  of  anode  current  to  voltage 
on  the  first  (controlling)  grid  with  constant  voltage  on  the  other  electrodes. 

The  grid-anode  characteristic  is  the  relationship  of  current  through 
one  of  the  grids  to  anode  voltage  with  constant  voltage  on  the  other 
electrodes. 

The  grid  characteristic  is  the  relationship  of  current  in  one  of  the 
grids  to  voltage  on  one  or  another  grid  with  constant  voltate  on  the  other 
electrodes. 

Fundamental  Parameters  of  Electron  Tubes 

1.  The  electrical  values  which  determine  the  standard  and  extreme 
operating  states  are:  heater  voltage  and  current,  voltage  on  the  electrodes, 
allowable  dissipated  power  on  the  electrodes,  and  other  values. 

2.  Static  or  rated  parameters: 

slope  of  the  characteristic  (transconductance) 

S  “  .  CmA/V]  when  ■  const; 

internal  «c  resistance  of  the  tube 

R^  ■  [obs]  when  ■  const; 
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gain 


^  when  1^  a  const. 

A  I^i  indicate  small  increment  e  of  anode  current,  grid  and 

anode  voltage. 

These  parsneters  are  linked  by  the  equation 

SH±  =  (5.1) 

3*  Valuee  which  characterize  the  reei stance  of  the  tube  to  external 
influences  are:  allowable  intervale  of  temperature,  pressure,  and  humidity 
of  the  surrounding  medium,  allowable  mechanical  loads,  and  other  values. 

Tubee  of  a  single  type  always  vary  Boaevhat  in  these  parameters  from 
one  sample  to  another.  Handbooks  give  average  values  of  the  parameters  fer 
tubee  of  the  given  type. 

4.  Interelectrode  capacitance: 

input  C^,  capacitance  between  the  control  grid  and  other  electrodes  not 
working  on  ac  voltages  at  the  same  frequency  as  that  supplied  to  the  control 
grid* 

output  C^,  capacitance  between  the  anode  and  other  electrodes  which 
do  not  operate  on  ec  voltage  of  the  same  frequency  as  that  of  the  voltage 
supplied  to  the  resistance  load  of  the  tube; 

transfer  capacitance  C^,  capacitance  between  anode  and  control  grid. 

Example.  For  a  triode,  “  C  i.e. ,  the  capacitance  between  grid 

and  cathode;  C  ■  C  ,  i.e.,  the  capacitance  between  anode  and  cathode; 
out  ac 

m  C^,  i.e.,  the  capacitance  between  anode  and  grid. 

The  value  of  "cold"  capacitance  ie  given  in  handbooks.  In  an 
operating  tube  the  "warm**  capacitance  is  increased  by  approximately  20  to 
30*. 

Standard  values  of  the  parameters  for  receiving-amplifying  tubee  are 
given  in  Table  5.3. 

The  most  important  electron  tube  parameters  are  the  following: 

Bandwidth  coefficient  of  a  tube 

Y  -  ^  C-Vv-P n.  (5-2) 

The  bandwidth  coefficient  of  the  usual  amplifying  tubes  is  less  than 
one,  but  in  special  tubes  for  wideband  amplification  the  coefficient  is 
eual  to  1  to  3  nA/V'pF. 
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Table  5.3 

Standard  values  of  parameter*  for  receiving-amplifying  tube* 


1 

rrr«M  ivM* 
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ll  e 

3.1 

If! 
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5 

!L= 

— z — 
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If  2 

~~T 

m  «. 

H  s 

®2  u" 

Q 

TpHOtw  am  yen- 

JinOUl  UC4E.H0CTM 
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2—10 

5-10 

3 — IS 

5-10 

9 

Tphcl&u  jui  yc«- 

,'WHS  KlJlpHXtHHX  j 

2-20 
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1 
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1-5 

10  HajROWTOiirtic 
TC7P0AU  N  0«t- 1 
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2—15 
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3-15  j 

Otl-1 

3—10 

ll 
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fnte  TTTpOAU  * 
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Key:  1  -  group;  2  -  slope  of  characteristic,  S  [mA/V] ;  3  -  internal 

resistance,  Rf  [103;  4  -  gain,  g,;  5  -  input  capacitance,  Cjn  [ pTI ; 

6  -  transfer  capacitance,  Ctj>  [pFJ;  7  -  output  capacitance, 

[pF];  8  -  triodes  for  power  amplification;  9  -  triodes  for  voltage 
amplification;  10  -  low- frequency  tetrodes  and  pentodes;  11  -  high- 
frequency  tetrodes  and  pentodes. 


Equivalent  noise  resistance  of  a  tube,  The  equivalent  noise 

resistance  of  a  tube  is  that  resistance  which,  when  the  grid  is  connected 
into  the  circuit  at  room  temperature,  creates  a  noise  current  in  the  anode 
circuit  equal  to  the  noise  current  of  the  given  tube. 

For  triodes 


\  -  2.5  to  3/s  £W3-  (50) 

For  pentrodes  and  tetrodes 

Rn  eq  -  WT52  (3/S  *  20VSZ)  CW3’  (5'4) 

where 

SfmA/Vj  is  transconductance; 

1^,  are  anode  current  and  current  in  the  screen  grid  in  niULiamp*. 
Active  input  resistance  of  the  tube  at  UHF. 

R,  «  al2  DoJ, 

jm 

where 

a  «  o.l  to  3  CK2/o23; 

X  is  the  wavelength  in  net era- 


(5.5) 
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Maximum  leakage  resistance  in  the  first  Qrid  circuit#  The  value  of 

this  resistance,  R  , »  is  given  in  handbooks  and  determines  the  allowable 
fll 

Grid  current  for.  negative  grid  voltage.  Usually  &  m  0.1  to  1  H). 

5*4  Cathode  Ray  tubes 

Cathode  ray  tubes  is  the  naae  customarily  given  to  a  large  group  of 
electronic  devices  in  which  a:  focused  electron  ray  (beam)  controlled  by 
electric  aiguls  is  used. 

Depending  on  their  purpose  they  are  classed  as:  cathode  ray  tubes  for 
measurements  of  physical  values  and  visual  observations  of  regular  electrical 
processes  (oscillographic  tubes);  cathode  ray  tubes  for  receiving  television 
images  (kinescopes);  projection  electron  ray  txibes;  and  other  special  classes. 

Depen  dong  on  focusing  and  deflection  of  the  electron  ray,  cathode  ray 
tubes  are  divided  into  the  following  basic  types: 

with  electrostatic  focusing  and  ray  deflection; 

with  magnetic  focusing  and  ray  deflection; 

with  a  combined  system  of  focusing  and  ray  deflection. 


Cathode  Ray  Tubes  with  Electrostatic  Control 
The  construction  and  supply  circuit  of  a  cathode  ray  tube  with  electro¬ 
static  focusing  and  deflection  of  the  electron  ray  are  shown  in  Figure  5*1* 
All  electrodes  of  the  gun  are  made  cylindrical  to  receive  a  radially 
symmetrical  electric  field,  assuring  the  best  conditions  for  focusing  the 
electron  ray.  To  decrease  the  effect  of  the  plate  field  on  focusing,  each 
plate  is  electrically  connected  to  the  second  anode  of  the  gun  through  a 
leakage  resistor  H  w  5  to  7  112- 


Figure  5-1  - 


electrostatic  focusing  and  electrostatic  deflection 
of  the  electron  ray* 

1  -  cathode;  2  —  control  electrode  (modulator);  J  —  first 
anode  of  the  gun;  4  -  second  anode  of  the  gun;  5  “  vertical 
deflection  plate;  6  -  horizontal  deflection  plate;  7  -  * 
graphite  cover;  8  -  luminescent  screen. 
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Cathode  Ray  Tube*  with  Magnetic  Control 
The  deflection  ay  stem  of  tubes  with  Magnetic  control  in  most  eases  con¬ 
sists  of  two  pairs  of  deflecting  winding*  positioned  on  the  throat  of  the 
tube.  The  illuminated  spot  on  the  screen  in  this  type  of  tube  is  positioned 
by  varying  the  currents  in  the  deflection  windings.  The  construction  of  an 
electron-optic  system  and  the  supply  circuit  for  a  CRT  with  magnetic  control 
are  shown  in  Figure  5#2. 

T 


Figure  5*2*  Construction  and  supply  circuit  for  a  tube  with 
magnetic  focusing  and  magnetic  deflection  of  the 
electron  ray. 

1  -  cathode;  2  -  control  electrode  (modulator);  3  - 
anode  of  the  gun  (accelerating  electrode) ;  4  —  focusing 
winding;  5  -  deflection  winding;  6  -  graphite  coating  - 
anode  of  the  gun;  7  -  luminescent  screen. 

Compared  with  tubes  with  electrostatic  control,  tubes  with  magnetic 
control  have  the  following  advantages: 

they  permit  better  focusing  of  the  ray  with  greater  current  density 
in  the  beam; 

magnetic  deflection  permits  deflection  of  the  ray  at  a  greater  angle, 
allowing  a  larger  screen  to  be  used  with  a  relatively  short  tube; 

simpler  constructions  and  circuits  can  be  used  to  obtain  radial ly- 
circular  and  spiral  scan; 

tbe  construction  is  simpler. 

However,  the  impossibility  of  having  a  set  of  focusing  and  deflecting 
windings,  the  impossibility  of  expending  energy  for  creating  focusing  and 
deflection  magnetic  fields,  and  also  the  limited  possibilities  of  using 
magnetic  tubes  for  studying  rapidly  changing  electrical  processes  because 
of  the  inductance  in  tbe  deflecting  windings  ore  all  essential  faults  of 
oscillograph  tubes  with  magnetic  control?*  in  comparison  with  tubes  with 
electrostatic  control. 

Modulation  Characteristic  of  Cathode  Ray  Tubes 
The  modulation  characteristic  of  a  cathode  ray  tube  is  the  relationship 
of  tbe  ray  current  to  voltage  on  the  control  electrode  (modulator)  with 
constant  voltages  on  the  remaining  electrodes. 

Cutoff  voltage  is  the  negative  voltage  on  the  control  electrode  (modulator) 
at  which  the  ray  current  is  equal  to  zero. 
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Screw  Brilliance 

Screen  brilliance  is  calculated  by  the  formula 

B  =  ajl(U  -  00)“t  (5.6) 

where 

is  the  current  density  of  the  rsy; 

U  is  potential  difference  between  cathode  and  screen; 

Uq  is  minima  potential  difference  between  cathode  and  screen  at 
which  the  screen  is  illuminated; 

A  is  the  constant,  depending  on  the  physical  properties  of  the 
phosphor; 

n  »  1  to  2  for  the  technical  phosphors  now  in  use. 

Brilliance  is  almost  always  controlled  by  changing  by  varying  the 
voltage  on  the  control  electrode  (figs.  5*1  and  5.2,  "brilliance’’  control). 

Fundamental  Parameters  of  Cathode  Ray  Tubes 

1.  Electrical  values  which  determine  standard  and  Orta  erne  operating 
nodes. 

2.  Diameter  or  diagonal  of  the  screen.  In  conventional  notation  of 
tube  types,  this  is  indicated  in  centimeters  by  the  first  element. 

5-  Afterglow  time  (the  time  required  after  excitation  is  removed  for 
the  brilliance  to  decrease  to  one  pereentoof  its  initial  value).  Tubes 
are  divided  into  five  groups  according  to  the  afterglow  time  of  the  phos¬ 
phors  used  in  the  screens: 

very  short  afterglow  (less  than  10  gsec); 
short  afterglow  (10  j,,see  to  0.01  sec); 
average  afterglow  (0101  to  0.1  sec); 
long  afterglow  (0.1  to  l6  sac) ; 
very  long  afterglow  (greater  than  16  sec). 

t.  Glow  color.  Glow  color  and  afterglow  time  are  indicated  by  the 
fourth  element  of  the  conventional  designation  in  letters  as  follows: 

A  *  dark  blue  glow,  short  afterglow; 

B  -  white  glow,  short  or  average  afterglow; 

V  —  two— layer  screen,  white  glow,  yellow  afterglow,  long  afterglow; 

G  -  violet  glow,  very  long  afterglow; 

D  -  light  blue  glow,  green  afterglow,  long  afterglow; 

fe  -  two-tone  screen  in  shifting  bands  (first  band  has  an  orange  glow, 
and  the  second  band  has  a  green  glow),  long  afterglow; 

Zb  —  light  blue  glow,  very  short  afterglow; 

I  -  green  glow,  average  afterglow; 

K  —  rosy  (orange)  glow,  long  afterglow; 

K  -  light  blue  glow,  short  afterglow. 
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5-  Tube  sensitivity.  Sensitivity  of  tubes  with  electrostatic  control 
is  defined  as  the  amount  the  light  spot  on  the  screen  shifts  when  a  voltage 
equal  to  one  volt  is  applied  to  a  given  pair  of  deflection  plates*  It  is 
■assured  in  sm/v. 

For  plane— parallel  plates  the  sensitivity  nay  be  approximated  by  the 
Zonula 

£-(  -JT+^)c**/V],  (5-7) 

where 

is  voltage  on  the  second  anode  of  the  gun,  volts; 
is  length  of  the  plate  in 
d  is  distance  between  plates  in  n; 
l  ^  is  distance  froa  the  screen  to  the  plate  in  wm» 

Handbooks  give  tube  sensitivity  for  each  pair  of  deflection  plates* 
Usually  h*  ■  0*1  to  0.8  tam/V* 

Sensitivity  of  tubes  with  magnetic  control  is  defined  as  the  distance 
the  light  spot  on  the  screen  shifts  when  one  asp-turn  is  applied  to  the  de¬ 
flection  winding,  measured  in  mn/amp  turn.  The  sensitivity  of  magnetic 
tubes  is  determined  experimentally  and  is  not  given  in  handbooks,  since  it 
depends  on  the  parameters  of  the  deflection  windings* 

Dark-Trace  Tubes  (Slciatrons) 

These  tubes  are  a  variety  of  cathode  ray  tubes  in  which  the  luminescent 
screen  is  replaced  by  a  screen  consisting  of  potassium  chloride  or  sodium 
chloride  crystals.  Exciting  such  a  screen  with  an  electron  beam  produces 
not  a  light  but  a  dark  spot  or  a  dark  trace. 

At  temperatures  close  to  300*K  the  dark  spot  or  trace  on  the  screen 
nay  persist  for  a  long  time  after  the  excitation  is  removed,  even  days  or* 
weeks.  To  clear  the  screen  (erase  the  recording)  in  several  seconds  or 
minutes,  it  is  heated  or  subjected  to  strong  external  illumination. 

Readout  Cathode  Ray  Tubes  (Charset  roos) 

These  tubes  illuminate  letters,  numbers  and  other  symbols  on  a 
luminescent  screen  using  an  electron  ray.  The  cross  section  of  the 
electron  beta  must  assume  the  form  of  -the  symbol  which  it  is  desired  to 
record;  then  the  electron  beam,  falling  on  the  luminescent  screen,  prints 
the  required  symbol  on  it. 

Construction  of  a  charactron  is  sketched  in  Figure  5«3«  The  signifi¬ 
cant  difference  in  the  construction  of  this  tube  in  comparison  with  oscillo¬ 
graph  tubes  consists  of  the  matrix  (metal  disc  with  holes),  and  the 
selection  and  compensation,  plates.  The  electron  ray,  after  passing  through 
the  selected  opening  in  the  matrix,  is  returned  to  the  axis  of  the  tube  by 
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1  -  cathode;  2  -  controlling  electrode;  3  -  first 
anode;  V  -  second  anode;  5  and  6  -  deflection  plates  for 
a  symbol  selection  system;  7  -  focusing  and  correcting 
windings;  8  —  matrix;  9  and  10  -  compensating  system 
plates;  11  —  deflection  winding  of  the  address  system; 

12  -  bulb;  13  -  postdeflection  acceleration  system;  14  - 
luminescent  screen. 


the  compensating  plates  and  subsequently  deflected  to  the  desired  point  on 
the  screen  by  the  magnetic  field  of  the  address  system,  where  it  illuminates 
the  symbol  chosen  on  the  matrix.  The  number  and  type  of  these  symbols  de¬ 
pend  on  the  number  and  shape  of  the  openings  in  the  matrix.  Industrially 
produced  charactron*  hare  a  matrix  with  63  different  symbols.  Response  speed 
in  charactrons  reaches  20, OW  symbols  per  second. 

Symbolic  Cathode  Ray  Tube  (Typotron) 

A  typotron  is  a  rariation  of  a  charactron  with  a  memary  for  symbolic- 
information  on  the  screen.  Formation  and  choice  of  the  symbols  on  the 
matrix  in  a  tjpoti-on  is  accomplished  just" as  in  s  charactron.  The  funda¬ 
mental  difference  in  a  typotron  compared  with  a  charactron  is  a  special 
memory  device,  which  permits  retention  of  the  inscribed  symbol  on  the  sere  an 
for  a  long  time  (symbolic  cathode  ray  tubes  are  described  in  the  book  by 
I.  Ye.  Soloveychik,  P.  K.  Anishchenko,  Symbolic  Presentation  and  Its 
Application  in  Contemporary  Radioelectronlc  Systems,  Sot.  Radio  Press, 

1959.) 

Charge  Storage  Tubes 

Charge  storage  tubes  arc  special  cathode  ray  tubes  used  for  recording, 
storing  and  reproducing  electrical  signals,  recorded  on  a  dielectric  target. 

Recording  electrical  signals  on  a  dielectric  target  by  an  electron 


been  is  based  an  using  the  jbfinm  non  of  secondary  electron 
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An  uicntU!  property  of  the  construction  of  durge  Store  or  tubes  is 
comparison  with  oscillograph  tubes  is  the  dielectric  target t  deposited  as  e 
thin  layer  on  a  conducting  base  (signal  plate)  in  place  of  the  luminescent 
screen. 

Charge  storage  tubes  with  a  harrier  grid  or  readout  change  storage 
tubes  (shown  in  fig.  5*6)  enjoy  wide  use  at  the  present  time. 


Figure  5*4.  Schematic  diagram  of  a  charge  storage  tube  with  a 
barrier  grid. 

1  -  cathode;  2  -  control  electrode;  3  -  first  anode  of 
the  gun;  4  -  second  anode  of  the  gun;  5  -  deflection 
winding;  6  -  collector;  7  -  screen  grid;  8  -  barrier 
grid;  9  -  dielectric  target;  10  -  signal  plate. 

Focusing  and  deflection  of  the  electron  ray  in  Charge  storage  tubes  nay- 
bo  electrostatic  or  magnetic.  Scanning  the  surface  of  the  target  by  an 
electron  beam  may  be  effected  by  a  raster  or  spiral. 

The  operating  state  of  the  readout  charge  storage  tube  is  chosen  so 
that  the  coefficient  of  secondary  emission,  a  «=  IjAj  (where  Ij  is  the  current 
of  the  primary  electron  beam,  the  current  of  the  secondary  electrons  dis¬ 
lodged  from  the  target),  is  larger  than  one.  In  this  state  the  input  electric 
signals  subject  to  recording  on  the  dielectric  target  are  lead  to  the  signal 
plate,  »nd  tbe  load  resistance  R^,  from  which  output  signals  are  rumored  on 
readout  by  the  electron  beam  before  the  ner  signals  are  recorded,  is  connected 
into  the  circuit  of  the  collector,  barrier  grid,  or  signal  plate. 

In  the  absence  of  input  signals,  the  surface  of  the  dielectric  target 
under  the  influence  of  tbe  electron  beam  acquires  a  surplus  positive 
charge.  This  is  accompanied  by  an  increase  in  potential  on  the  surface  of 
the  target  relative  to  tbe  barrier  grid  and  by  the  formation  of  a  braking 
electric  field  for  secondary  electrons  in  the  "barrier  grid-target"  gap. 
Consequently  the  flow  of  secondary  electrons  from  the  target  decreases. 

The  potential  on  the  surface  of  the  target  increases  under  the  influence 
of  the  electron  bean  until  dynamic  equilibrium  is  established,  at  which  the 
flow  of  secondary  electrons  leaving  the  target  becomes  equal  to  tbe  flow  of 
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primary  electrons  in  the  beam.  This  amount  or  surface  potential  on  the 

target  in  the  dynamic  equilibrium  state  is  called  the  equilibrium  potential 

and  is  designated  U  . 

eq 

Thus  at  dynamic  equilibrium,  the  potentials  ol  all  elements  on  the 

target  surface  reach  the  value  of  U  ,  positive  relative  to  the  berrier 

eq 

grid  (potentials  of  the  barrier  grid  and  signal  plate  are  identical  and 
equal  to  zero).  Thereupon,  current  in  the  collector  circuit,  1^,  is  con¬ 
stant  and  the  output  signal  U  -  O. 

OUT 

On  application  of  input  signals,  the  electric  field  in  the  "barrier- 
grid-target"  gap  changes.  If  the  input  signal  is  punitive,  the  braking 
electric  field  for  secondary  electrons  in  the  "barrier  grid-target"  space 
increases,  collector  current  decreases,  and  a  positive  signal  proportional 
to  the  amplitude  of  tbe  input  signal  appears  on  the  resistance  in  the  col¬ 
lector  circuit  (this  output  signal  appearing  on  tbe  load  shile  input  signal, 

U,  ,  is  applied  is  called  the  recording  signal ,  U  ).  While  the  input 
Ail  rec 

signal  is  applied,  the  potentials  of  the  points  on  the  surface  of  the  target 

scanned  by  the  electron  bean  decrease  in  comparison  vith  U  ;  the  positive 

e<i 

input  sifpial  is  recorded  on  the  target  (fig*  5-5*) - 


a 


I 

+■ 

I 


1  Aiumrut  ■  z 

JQ/}UC*4*»*;CJ}  poMCf*** 


Figure  5-5-  Potential  changes  on  the  surface  of  a  dielectric  target 

under  tbe  influence  of  an  electron  beam,  a  •  distribution 
of  potential  on  the  surface  of  the  target  during  recording 
of  short  pulse  signals  ((J^  -  equilibrium  potential;  a'b*  - 
recording  of  a  positive  input  signal;  c'd’  -  recording  of 
a  negative  input  signal ) ;  b  -  recording  on  the  target  of  a 
complex  signal;  c  -  change  in  potential  on  the  target 
during  readout  of  recorded  signals  (potential  relief)  by 
an  electron  beam* 

1  -  recording  ray  motion;  2  -  scanning  l*ne|  3  *  potential 
relief;  4  -  readout  ray  motion. 
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Thus  input  signals  applied  to  the  signal  piste  produce  a  change  in 
potential  distribution  along  the  scan  of  the  target  by  the  electron  beam; 
a  so-called  potential  relief  appears  on  the  target  (fig*  3-5b). 

Reproduction  or  readout  of  the  signals  recorded  on  the  screen  is 
effected  by  the  electron  beau  on  its  return  notion  over  the  parts  of  the 
target  surface  on  which  recording  took  place*  If  there  are  no  input  signals 
during  readout,  then  in  the  readout  process,  the  surface  potential  a  of  the 
target  are  again  returned  to  the  equilibrium  value,  U  ,  by  the  electron 
beam  (fig.  5* 5c).  Meanwhile  the  potential  relief  modulates  the  secondary 
emission  current  of  the  collector;  the  number  of  secondary  electrons  trapped 
hy  the  collector  will  decrease  in  relation  to  the  potential  distribution  on 
the  target  along  the  scan.  Consequently,  signals  corresponding  to  the  pre¬ 
viously  recorded  signals  will  appear  on  the  output  circuit  of  the  charge 
storage  tube  on  load  resistor  R^  (these  output  signals  are  called  reading 
signals,  Polarity  of  the  reading  signals  is  opposite  to  that  of  the 

recorded  input  signals.  If  the  output  signals  are  removed  from  the  load  in 
the  barrier  grid  or  signal  plate  circuits*  their  polarity  corresponds  to  the 
previously  recorded  input  signals/  but  this  method  of  removing  output  signals 
requires  special  measures  for  frequency  separation  of  input  and  output  sig¬ 
nals. 

During  readout  of  the  recorded  signals  the  potential  relief  is  simul¬ 
taneously  erased.  Consequently,  it  is  possible  to  record  new  input  signals 
on  the  3<uit  scon  of  the  target  by  the  electron  beam,  and  later  to  read  th**n 
out. 

A  charge  storage  tube  with  barrier  grid  is  usually  used  as  a  readout 

device.  The  principle  of  signal  readout  is  illustrsted  in  Figure  5-6.,  where 

u.^  ^  is  the  input  signal  of  positive  polarity  applied  to  the  signal  plate 

at  a  time  t^;  is  the  output  signal  taken  from  load  resistor  during 

recording  of  u.^  ^  u^  ifl  the  output  signal  taken  from  ’“esistor  R^ 

at  a  time  while  reading  out  the  previously  recorded  signal 

(T  is  target  scan  period);  u.  _  is  the  input  signal  of  positive  polarity 
s  in  z 

applied  to  the  signal  plate  at  time  ■  t,  +  T  ;  u_  is  the  outjxit  signal 

z  i  s  2  rec 

taken  from  R,  while  recording  u.  _ :  u  *  u,  ,  -  u_  is  the  resultant 
L  in  £  out  1  read  2  rec 

differential  output  signal  taken  from  R_  at  t_  =  t,  *  T  • 

L»  ti  1  3 

If  the  charge  storage  tube  were  an  ideal  readout  device,  then  a 
periodically  repeating  signal,  constant  in  amplitude  and  polarity,  applied  to 
its  input  would  be  read  out  completely,  beginning  from  the  second  scan 
period. 

In  actuality,  not  only  a  useful  signal,  but  also  so-called  residual  and 
parasitic  signals  are  created  in  the  charge  storage  tube.  Consequently, 
nw»ron  differential  signal  at  the  output  is  only  obtained  after  n-fold 
readout  of  identical  input  signals. 
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Figure  5*6*  Diagram  ah  owing  the  signal  readout  principle  of  a 
charge  storage  tube. 


Fundamental  Parameters  of  Readout  Charge 
Storage  Tubes 

Recharge  coefficient  7}«  The  recharge  coefficient  (coefficient  of  the 

first  residual)  is  defined  a a  the  ratio  of  amplitude  of  the  second  U-  . 

z  react 

and  the  first  readout  signals  for  application  to  the  tube  input  (to 

the  signal  plate)  of  repetitive  sinusoidal  voltages#  It  is  measured  in  $f 

i  •  ©»  f 

1  “  U2  W^l  xW100** 

Target  suppression  factor  Target  suppression  factor  (coefficient 

of  seeding)  is  defined  as  the  ratio  of  nmplxtude  of  the  first  output  recording 

signal  U  to  the  amplitude  of  residual  output  signal  D_  with  repetitive 

x  rec  v 

sinusoidal  signals  applied  to  the  input  of  the  charge  storage  tube,  i.e., 


U  /D  * 
1  rec  O 


Dynamic  range,  D.  Dynamic  range  is  defined'  as  the  ratio  of  the  sum  of 

output  signals  U,  and  U_  _  .  to  full  range  of  intrinsic  noise  voltage 

X  roc  1  read 

in  the  charge  storage  tube  2U  with  repetitive  sinusoidal  signals  applied 

n  hut 

to  the  input  of  the  tube,  i-e.. 


D  s  U  +U  /2U 

1  rec  1  read  n  max 

For  the  given  conventional  operating  states  of  a  charge  storage  tube 
and  with  the  given  operating  amplitude  of  the  input  signals,  7)9  P^,*  0,  and 
the  output  signal  current  1^,  depend  on  the  constant  component  of  collector 
current  ^  (i.e.,  on  the  ray  current).  The  character  of  this  dependence 

is  shown  in  Figure  5*7#  In  every  actual  application  of  a  readout  charge 
storage  tube,  it  is  possible  to  choose  the  optimum  readout  mode  by  using  the 
relation^iip  of  7)t  P^,  D,  and  to  ray  current. 
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Figure  5-7.  Relationship  of  the  basic  parameters  of  a  readout  charge 
storage  tube  to  ray  current  with  inxxrt  signal  parameter 

held  constant  (U.  =  const). 

in 

5*5  Ion  or  Gas -discharge  Tubes 

Ion  or  gas-discharge  tubes  include  a  large  group  of  tubes  based  on 
the  physical  process  in  which  an  electric  current  passes  through  a  gas- 
discharge  gap* 

In  contrast  to  vacuum  tubes,  in  ion  tubes  current  is  created  by  tbe 
movement  of  positive  and 'negative  ions,  as  well  as  of  electrons.  When  a 
current  is  passed  through  an  ion  tube,  the  electric  field  of  slowly  moving 
positive  ions  compensates  for  the  field  of  the  negative  space  charge  of  the 
electrons;  consequently  the  internal  resistance  of  a  gas- discharge  tube 
is  very  small-  This  results  in  large  discharge  currents  for  email  voltages 
applied  to  a  gas-discharge  tube* 

Gas-filled  ion  tubes  usually  contain  inert  gases  (helium,  argon,  neon, 
krypton,  xenon)  or  mercury  vapor.  Some  types  of  ion  tubes  are  filled 
with  hydrogen  or  a  mixture  of  several  inert  gases. 

The  density  of  the  gas  or  mercury  vapor  filling  the  tube  significantly 
affects  the  conditions  under  which  electric  current  passes  through  the  tube* 
In  gas-filled  tubes,  the  gas  pressure  for  the  most  part  does  not  exceed 
tenths  of  innHg.  In  some  tubes  it  reaches  tens  of  nenHg  and  even  several 
atmospheres* 

Ion  tubes  are  divided  into  two  basic  groups  according  to  the  type  of 
electric  discharge: 

semi- self-maintained  discharge  tubes 5 

self-maintained  discharge  tubes. 

In  semi -self-maintained  discharge  tubes,  electron  emission  from  the 
cathode,  necessary  to  create  a  discharge  current  is  established  by  heating 
the  cathode  with  an  external  current  source  ( £2senaoelectronic  emission)  or 
by  the  action  on  the  surface  of  the  cathode  and  the  gas  column  by  quants  of 
radiant  energy  ( photoelect ronic  emission).  In  self -maintained  discharge 
tubes,  electron  emission  from  the  cathode  is  accomplished  by  bombarding 
the  surface  of  the  cathode  with  positive  ions  incident  on  the  cathode  from 
the  discharge  gap* 
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A  large  variety  of  ion  tubes  of  both  types  is  used  in  radar  technology: 
gas— filled  tube  rectifiers,  thyratrona,  voltage  regulators,  spark,  gaps, 
fluorescent  lamps,  decat rons,  cyphertrons,  and  others. 

Gas-filled  tube  rectifiers  are  gas-filled  two- el  act  rode  tubes  with  heated 
cathode.  They  are  used  for  rectifying  currents  at  industrial  frequency.  The 
discharge  is  a  semi— self— maintained  arc* 

Thyratrona  are  three-  or  four-electrode  gas-filled  devices*  There  are 
thyratrons  with  heated  cathodes  (using  semi- self— Maintained  arc  discharge) 
and  with  cold  cathodes  (using  self-maintained  glow  discharge).  Thyratron 
grids  are  designed  only  for  controlling  striking,  since  after  discharge 
the  voltage  on  the  grids  has  practically  no  effect  on  anode  current*  There¬ 
fore,  such  tubea  may  only  be  used  in  certain  switching  circuits  or  rectifier 
circuits  with  smooth  regulation  of  the  rectified  current. 

Stabilitrons  are  two-electrode  tubea  with  self-maintaining  discharge, 

used  for  stabilising  voltages  in  dc  circuits.  There  are  stabilitrons  with 

glow  discharge  (stabilization  voltage  If  =  75  to  150  V)  and  corona  discharge 

st 

(u^  «  1000  to  10,000  V). 

Decat  rons  are  multi-electrode  gas-filled  tubes  with  glow  discharge, 
designed  to  count  electric  pulses  in  a  decimal  system.  Decatrons  are 
classed  as  two— pulse  and  one-pulse,  according  to  the  method  of  transferring 
a  charge  from  one  discharge  gap  to  another,  and  are  classed, as  calculators 
or  commutators  according  to  the  function  they  fulfill. 

Cypberotron*  are  indicating  tubes  with  glow  discharge  for  displaying  various 
data  in  the  form  of  illuminated  numbers. 


Fundamental  Characteristics  and  Parameters 
of  Ion  Tubes 

Depending  on  the  construction  peculiarities  and  purpose  of  the  ion 
tube,  its  properties  are  determined  by  various  characteristics  And  para¬ 
meters  .  Here  only  some  of  these  parameters,  illustrating  the  most  comon 
properties  of  ion  tubes,  will  be  discussed. 

Glow  potential,  U  •  This  is  the  voltage  on  the  electrodes  of  a  gas- 

-  0 

discharge  gap  at  which  self  -  maintaining  discharge  occur  a.  It  is  determined 
from  the  empirical  formula 


U  b  U.  •  pr/ const  v  Xn(pr), 
g  ion 

•where 

U.  ia  the  ionization  potential,  of  the  given  gas; 


P  is  gas  pressure; 

r  is  the  distance  between  electrodes; 
const  is  a  constant  for  the  given  gas. 


(5-8) 
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According  to  tho  proporotion  method  o£  the  p— n  junction,  planar  semi— 
conductor  diodes  arc  classed  as  alloyed,  diffused,  or  Mcrcrvn» n 

Current  through  the  p-n  junction  at  constant  temperature  depends  on 
amplitude  and  plarity  of  the  applied  voltage 


where 


<5;  9) 


X  is  the  current  flowing  through  the  junction; 

_JQ 

Q  “  1.6*10  \  is  the  electron  charge j 

k  «■  8.7*10  ^  eV/*K  is  the  Boltzmann  constant; 

T  is  the  junction  temperature  in  ®K; 
e  **  2.73  is  the  base  of  the  natural  logarithms; 

is  reverse  current  of  tha  diode,  obtained  vhen  a  certain  external 
voltage  is  applied,  minus  to  the  p  region  and  plus  to  the  n  region 
(1^  is  also  called  the  reverse  saturation  current); 

U  is  applied  colt  age. 

A  graph  of  thin  equation  for  a  diode  is  the  volt-ampere  characteristic 
(fig.  5*9)* 


Figure  5*9*  Volt-ampere  characteristic  of  a  semiconductor 
diode. 

1  —  reverse  voltage,  V;  2  —  forward  voltage,  V  (average); 
3  -  forward  current,  A  (average);  4  -  reverse  current,  mA 
(average)* 


As  is  evident  from  the  graph,  a  diode  is  a  nonlinear  element  in  an 
electrical  circuit. 

Its  forward  and  reverse  resistances  are  very  different.  Current  I 

O 

depends  on  temperature.  For  germanium  diodes,  reverse  current  doubles  for 
each  9  to  12* C  increase  in  temperature;  for  silicon  it  doubles  for  each 
6  to  8.5*C. 

At  sufficiently  large  U  a  sharp  rise  in  reverse  current  is  observed, 
rev 

An  increase  in  reverse  current  is  caused  by  thermal  or  electrical  break¬ 
down.  11  current  is  not  limited  under  these  conditions,  the  diode  is 
destroyed. 
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Besides  active  resistance,  a  p*n  junction  (diode)  has  a  capacitance, 
which  depends  on  the  original  material  (mgerasniua  or  silicon),  the  con¬ 
centration  of  additives  (thickness  of  the  p-n  junction),  junction  area,  and 
applied  voltage.  The  relationship  of  capacitance  to  applied  eoltage  is  shown 
in  Figure  5.10. 


Figure  5.1o.  Graph  of  capacitance  of  a  semiconductor  diode 
as  compared  to  applied  voltage. 

Diodes  are  classed  in  three  groups  according  to  their  frequency 
characteristics : 

low-frequency  (rectifying  or  power  diodes); 
high-frequency  (uni verul  or  pulse); 
super-high-  frequency. 

Within  each  group,  semiconductor  diodes  are  divided  according  to 

classification  as  shown  in  Figure  5.11. 

The  properties  of  the  first  two  groups  of  diodes  are  characterized  by 

the  following  fundamental  parameters : 

I  EuM  -  reverse  current  at  a  certain  reverse  voltages  for  silicon 
rev  e 

diodes  I  ,  as  a  rule,  is  considerably  less  than  for  idential  germanium 
diodes; 

( "V J  -  forward  voltage  drop  in  the  diode  at  nominal  current;  for 

germanium  diodes  =  (0.3  to  0.5)  V;  for  silicon  diodes  Uf  -(0.8  to  1.5)  V; 

C  tpF]  -  diode  capacitance  with  a  certain  reverse  voltage  applied; 

f  (KHz]  -  frequency  at  which  operation  without  lowering  the 

max 

the  rectified  current  is  possible; 

U  _  (V]  -  breakdown  voltage  at  a  given  temperature; 
max 

At45  —  operating  tcmp**rature  range;  for  germanium  diodes  At®  -  (—60  to  +70) °C* 
for  silicon  At®  «*  (“60  to  +120 )*C- 

Parameters  given  in  handbooks  are  average  values*  and  variation  from 
specimen  to  specimen  may  be  considerable.  Therefore*  vixen  diodes  are  to  be 
connected  in  parallel  or  in  series*  they  should  be  tested*  and  matching 
resistances  should  be  connected- 
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Figure  5.11.  Classification  of  semiconductor  diodes. 

1  -  diodes;  2  -  rectifying;  3  -  low  power  I^v<  013  Ai 
4  -  average  power  0.3  A  <  I  <  10  A;  5  -  high  power  1^  >  10  A; 

6  -  high  frequency;  7  O  to  300  MHz;  8  -  from  300  MHz  to  1000  MHz; 

9  -  superhigh  frequency;  10  -  mixing  detectors;  11  -  video  detectors; 

12  —  special;  13  —  pulse;  14  -  on  average  current  I  ^  50  mA;  15  — 
microsecond  t  !>.  0.1  gsec;  16  -  nanosecond  t  <  0.1  (tsee;  17  -  on 
current  I  >  jiPnA;  18  -  stabilitrons;  19  -  low1" power  P__  5  0-3  vi 

20  -  average  power  0.3  <  P  5  V;  21  -  with  low  TC  (TC  <  0.10  %/deg); 

DUuC 

22  -  four  layer;  23  -  rectifying,  low  power  I  <  0.3  A;  24  -  rectifying, 
average  power  0.3  A  <  I  ^  lO  A;  25  -  rectifying,  high  power  I  >  10  A; 

26  -  non control led;  27  -  variable  capacitors;  28  -  high  frequency; 

29  -  superhigh  frequency;  30  -  photodiodes;  31  -  for  visible  range; 

32  -  special;  33  -  tunnel;  34  -  amplifying;  35  -  generating;  36  - 
switching. 


Fundamental  parameters  of  superhigh  frequency  diodes  are; 
operating  wave  length,  X  tern}; 
conversion  losses 

,  ,  applied  power  at  the  signal  frequency 

a  ®  output  power  at  an  intermediate  frequency  ’ 

usually  amount  to  6.5  to  8.5  db; 

current  sensitivity  3  =  1  rcct/^^zl  C A/1 *0 ;  for  present-day  diodes  it 
reaches  4  A/u  and  depends  on  the  amount  of  constant  positive  bias,  whose 
Optimum  value  for  silicon  diodes  is  0.1  to  0.2  V,  and  0.3  to  0.4  V  for  ger- 

mapiitm  . 
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loss.  This  called  the  tunnel  effect.  The  volt— ampere  characteristic  of  fUCh 
a  diode  is  shown  in  Figure  5-13- 


Figure  5.13. 


Volt-Mpfre  characteristic  of  a  tunnel  diode. 

A  -  1  ;  B  -  1  ;  C  -  I  .  j  D  -  +u,  mV?  B  -  U 

c*  iu  sin  ’  i 


.i 


With  a  moderate  increase  in  iorvftrd  voltage'  (to  60  to  200  aV),  the  tunnel 
current  of  a  diode  Begins  to  rise  (0a  part  of  the  characteristic},  and  then 
decreases  because  of  a  decrease  in  the  number  of  free  energy  levels  in  the 
p-region  to  which  the  electrons  of  the  n-region  may  transfer  by  the  tunnel 
effect  (ab  part).  With  a  further  increase  in  applied  voltage,  current 
through  the  diode  rises  again,  but  because  of  an  increase  in  the  usual 
diffusion  current.  With  reverse  biasing,  current  monotonically  and  rapidly 
builds  up  to  the  limiting  value. 

Tunnel  current  1^^  is  strongly  dependent  on  the  area  of  the  junction. 
For  present-day  diodes  I  ,  go  (0.1  to  50)  For  germanium  diodes,  the 

ratio  of  currents  IpBaj/IvauBj.  ■  12  to  14,  and  for  gallim  arsenide  diodes 
it  reaches  40. 

Because  of  the  falling  portion  on  the  volt-ampere  characteristic 
(where  <  0),  they  may  be  used  for  amplifying  or  generating'  oscillations 
(to  frequencies  of  1010  Hz)  or  for  high-speed  switching  circuits  (switching 
speed  to  1  to  2  na).  Tunnel  diodes  may  operate  over  a  wide  temperature 
range  (4  to  600*IC)  and  at  high  radiation  levels.  A  fault  of  these  diodes  is 
the  poor  reproducibility  of  parameters  in  production.  In  addition,  to 

assure  their  operation  at  SHF,  the  junction  area  oust  be  Bade  very  small 

2  2 
(S  j  50  (I--  )  because  of  large  specific  capacitance  (C  ^  5  jjF/cm  }. 
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PAraaetrie  diodes  (variable  capacitors).  Variation  of  diode  capacitance 
with  applied  voltage  may  be  used  for  parametric  amplification  and  generation 
of  electric  oscillations,  effecting  frequency  modulation,  network  tuning, 
and  other  purposes.  At  the  present  tine  special  types  of  diodes,  called 
parametric  diodes,  have  been  designed  for  low-noise  amplification  at  SHF, 

They  are  made  of  silicon,  germanium,  and  gallium  arsenide;  structurally 
they  may  be  planar  or  point-contact.  It  is  primarily  important  that  diode 
capacitance  permit  network  tuning  at  resonance,  and  that  changes  in 
total  capacitance  of  the  network  AC  with  small  amplitudes  of  the  controlling 
voltsge  result  in  sufficiently  high  modulation  coefficients  (n  *  AC/C^ ) . 

The  relationship  of  diode  capacitance  change  to  change  in  voltsge, 
determined  by  the  junction  structure,  is  desirably  close  to  linear.  Under 
these  conditions,  the  resistance  loss  R  introduced  into  the  resonance 

5 

system  by  the  diode  should  be  minimum,  so  that  greatest  amplification  and 

least  noise  level  is  achieved.  Decrease  in  R  is  attained  by  increasing  the 

s 

donor  concentration,  and  also  by  introducing  special  admixtures  (gold, 

silver,  nickel).  At  the  present  time,  diodes  are  being  used  in  which 

C  ^  0.5  to  2  pF;  H  „  1  tt  5  ohms;  m  ='0.2  to  0.6;  f  5  10  GHx,  permitting 
O  s  max 

20  to  35  db  amplification  in  the  3-cm  range  with  noise  coefficients  of  1.5 
to  2.5  db. 


Photodiodes 

Photodiodes  are  designed  to  convert  light  signals  into  electrical  signals. 
Germanium  photodiodes  are  the  most  widely  used.  They  may  operate  in  two 
ways: 

a)  in  the  absence  of  an  external  voltage  source.  In  this  mode  the  photo¬ 
diode  operates  as  a  barrier-layer  cell.  Intrinsic  emf  reaches  G0-90hV, 
greatest  current  goes  up  to  100  (with  illumination  of  7000  lux  and  - 

=  1000  ohms).  Ibis  mode  is  characterised  by  low  noise  le’ils,  and  it  is 
feasibly  used  in  detecting  light  fluxes  and  low  frequency  tracking  of  light 
pulses  (F .  up  to  100  kHz)i 

b)  in  the  presence  of  an  external  reverse  voltage.  This  is  the  so- 

called  photodiode  regime.  Here  the  operating  voltage  drop  on  the  load  is 

equal  to  the  difference  in  voltage  drop  with  s  dark  current  (reverse  current 

of  the  diode  I ,  ,  »  5-50  ’±A)  and  current  when  the  diode  is  illuminates 

dark 

(I _ _ ^  1  mA).  The  operating  voltages  of  the  supply  sources  are  chosen  equal 

to  3-30  V.  Integral  sensitivity  reaches  K  =  dl/di  50  mA/lu.  Maximum 
spectral  sensitivity  corresponds  to  the  vsve  length  1  =  1.5  g.  Limiting 
repetition  frequency  of  the  light  pulses  is  up  to  10O  kHz. 

Switching  diodes  (thyristors).  Switching  diodes  have  a  f our- layer  structure, 
p-n-p-n.  The  basis  of  the  switching  activity  of  this  structure  is  the  depen¬ 
dence  of  current  gain  of  the  "generating”  transistors  on  the  electrical  state. 
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live  majority  of  thyristors  is  made  on  a  silicon  base  by  alloying,  diffusion, 
or  a  combination  of  both  methods.  A  volt-ampere  characteristic  of  such 
diodes  har.  the  form  shown  in  Figure  5. 14. in  solid  lines.  As  a  consequence 
of  the  portion  of  the  volt— ampere  characteristic  with  negative  resistance 
(part  at)  they  may  bo  used  in  various  circuits  for  automation,  computer 
technology,  and  others,  as  switching  elements.  On-off  time  may  be  as  short 


Figure  5-1^**  Volt-ampere  characteristic  curve  of  switching  diodes. 

A  -  I  =50  mA-100  A;  B  -  I  **  1-50  aA;  C  - 
oai  on 

cha.rAtrteriatic  curve  for  a  conventional  diode; 

D  -  I„~O.S  -A-,  E  -  lleak~  1  I**?  ^  ~  Urev  S^200  V* 


Diodes  are  also  made  with  controlling  electrodes.  Here  a  third  output 
is  made  from  one  of  the  internal  regions  of  the  structure.  By  varying  the 
voltage  on  this  electrode,  it  is  possible  to  vary  the  reset  voltage,  as 
shown  in  Figure  ^.14  in  dotted  lines. 

Numerical  values  for  the  parameters  of  contemporary  switching  diodes 
are  given  on  graphs  of  volt-ampere  characteristics. 


5.7  Transistors 

A  transistor  is  a  system  of  two  adjacent  electron-bole  junctions  in  the 
monocrystal  of  a  semiconductor. 

At  present  only  planar  germanium  and  silicon  -transistor®  arc  manufactured. 
Their  junctions  are  made  by  diffusion  or  alloying,  and  also  by  combining 
these  two  methods  or  by  pulling  from  a  melt.  Accordingly,  differentiations 
arc  made  between  alloyed,  diffused,  and  grown"  transistors. 

The  different  conductivity  regions  in  a  semiconductor  monocrystal  may 
be  arranged  p-n-p  or  n-p-n.  The  construction  and  conventional  symbols  for 
transistors  in  the  principal  circuits  are  shown  in  Figure  5.15. 
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*  1  / 


Figure  5.15.  Construction  and  conventional  symbols  for  transistors. 

1  -  semiconductor  crystal;  2  -  emitter;  3  -  crystal 
bolder  (base  output);  4  —  internal  emitter  output;  5  “ 
external  emitter  output;  6  -  base  output;  7  -  external 
collector  output;  8  -  internal  collector  output;  9  * 
metal  casing;  10  -  glass  insulator. 


The  left  region  of  the  crystal  (fig.  5-15)  is  called  the  emitter,  the 
center  region  is  called  the  base,  and  the  right  is  called  the  collector. 

On  amplifying  electrical  oscillations,  bias  voltage  at  the  junction 
between  emitter  and  base  drops  in  the  forward  direction  from  the  source 
(tenths  of  a  volt),  and,  at  the  collector,  junction  voltage  drops  from 
the  source  C  (tens  of  volts)  in  the  reverse  direction,  as  shown  in  Figure 
5.16. 


Figure  5.16-  Schematic  of  a  p-n-p  transistor  unblocked  for  amplifying 
aignals. 


Under  the  influence  of  U^,  boles  from  the  emitter  are  injected  into 

the  base,  causing  a  current  in  the  emitter  Ip.  In  the  base  region  these 

carriers  will  move  to  the  collector  because  of  diffusion.  Arriving  at  the 

collector,  the  holes  are  attracted  by  the  electric  field  created  fay  E  at 

c 
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the  junction  from  th«  base  into  the  collector  region,  thus  increasing  current 
in  the  collector  junction, 


I  =  I 

C  CO 


0-1 


where 


I  is  the  initial  reverse  current  in  the  collector  junction; 

C°  I 

a  «  uct,  “  “not  is  the  current  amplification  factor  (a  - 

»  0.9  to  0.999). 

Because  the  base  width  is  made  very  small  (w^  <  50  g),  almost  all  the 
holes  (90-99-9*)  leaving  the  emitter  reach  the  collector.  The  remaining 
holes  recombine  in  the  base  with  electrons.  To  establish  electrical  neutrality 
in  the  base,  electrons  enter  it  from  the  source  E  .  This  creates  a  small 

O' 

current  in  the  base  circuit  I.  =•  I  —  I  • 

bee 

A  change  in  emitter  current  (at  the  input  of  a  low  impedance  circuit) 
causes  *.  change  in  collector  current  approxiaat^ly  equal  to  it  (at  the  output 
of  a  high- impedance  circuit)*  This  is  the  origin  of  the  term  "transistor** 
(transfer  of  resistor).  This  is  the  operating  principle  of  a  transistor,  an 
element  which  may  be  used  to  amplify  voltage  and  power. 

The  physical  processes  in  n-p-n  transistors  are  practically  the  sane  as 

those  already  discussed  (it  is  only  necessary  to  change  polarity  of  the  supply 

sources  E  and  E  to  the  reverse  and  observe  the  motion  of  electrons  in  the 
e  c 

base).  A  transistor  nay  be  connected  in  reverse,  where  the  collector  takes 
the  role  of  the  emitter  and  the  emitter  becomes  the  collector.  But  since 
the  area  of  the  collector  junction  is  approximately  twice  as  large  as  the 
area  of  the  emitter  junction,  while  the  ixcjxirity  concentration  in  the  emitter 
region  is  chosen  considerably  larger  than  in  the  collector  region,  current 
amplification  factor  0-5)  and  allowable  power  dissipation  for  inverse 

transistor  connection  are  small*  Therefore,  such  a  connection  appears  in¬ 
feasible* 


Figure  5*17*  Three  basic  circuits  for  connecting  transistors. 

a  —  conson  base)  b  —  comooq  emitter;  c  -  comoa 
collector* 
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Depending  on  which  electrode  of  the  translator  is  common  to  input  and 
output  current  (voltage)  so-iixps,  there  axis  three  basic  configurations  for 
connecting  transistor?:  canon  base,  common  emitter,  and  cocoon  collector 
(fig.  5.1?). 


Characteristics  and  Systems  of  Characteristic  Parameters  for 

Transi  store 

The  fundamental  properties  of  transistors  at  low  frequencies  are  deter-' 
mined  by  families  of  Input  and  output  static  characteristics.  In  handbooks, 
input  and  output  characteristics  are  usually  given  for  only  two  transistor 
circuits:  common  base  and  common  emitter. 

From  these  characters  sties  it  is  possible  to  construct  two  more 
families:  characteristics  of  voltage  feedback  and  transfer  characteristics 
(forward  current  transmission),  but  they  are  rarely  used. 

At  the  present  time,  the  most  widely  used  characteristics  ore  those 
with  I -n  and  U  as  the  independent  variables.  Graphs  of  these 
characteristics  take  the  form  shown  in  Figures  5.10  and  5.19- 


Figure  5*10.  Characteristic  input  curves  of  transistors. 

a  —  coonon  base;  b  -  common  emitter. 

a  -  hn  b£<a*3  -  tve/Aie  |  u  .  cbnflt; 

C 

B'h12b-  A°e/fiUc  |  I  -  const* 

'  e 

C  -  h113  Cota,]  .  iUb/AIb  J  ^  _  eonflt. 


D  - 


123 


const" 


Characteristics  for  common  collector  circuits  differ  only  slightly 
from  those  for  common  emitter,  and  therefore  are  not  used  in  practice. 

For  small  changes  in  voltage  and  currents  (small  signals)  the  nonlinear 
portions  of  the  characteristics  may  be  considered  linear  and  the  transistor 
may  be  considered  as  an  active  linear  four-terminal  network  for  varying 
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Figure  5.19.  Output  characteristics  of  transistors. 

a  —  com  base;  b  —  romn  emitter. 

A  _  h21b  “  *  =  iIc/aIe  |  V  =  const5 
c 

B  -  ^Cmeoohm]  -  Aiyauc  j  ^ 

C  "  h213  “  9  “  flI</Alb  [  U.  »  const5 

D  “  h223  t**001"3  “  4VABcj  Ij,  -  const* 

components  of  current  and  voltages  (fig*  5-20)*  The  Association  between 
current*  And  collage*  for  such  a  Xoui>-t«zminal  network  any  oe  expressed  by 
one  of  six  pairs  of  linear  fqintioos.  Ibc  ay  stems  of  characteristic  transistor 


Figure  5-20*  Representation  of  a  transistor  as  an  active  linear 
four-terminal  network  for  varying  currents  and 
voltages. 

1  -  Active  linear  four-terminal  network* 

parameters  are  differentiated  according  to  the  chosen  pair  of  equations. 
The  following  three  systems  are  frequently  used- 
5 y stem  of  Z  parameters.  For  this  system 

01  =  Zjl  +  Zji: 

U^zJi+zJr 

Sy*t«n  of  Y  j*r*iet«r».  For  this  system 
l\~YnOs  +  YjJi. 
l\=Yn0t  +  YJIr 

System  of  H  param iters.  For  this  system : 
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■A.t  low  frequencies  the  Z,  Y,  and  H  parameters  are  purely  active, 


are  defined  as  Z. 
ai2’  Y21 


11 


ril5  Z12  55  rX2; 


*12  “12’  *21  “  b21:  Y22  -  022’  "11  “  “n  ’  “12  “  “12 

Since  with  experimental  measurements  of  characteristic  parameters  the 


'22’  H11 


Z  =  r  ;  Z 
21  21 1  22 

-  hll’  H12  “  - 


r  -  Y 
22’  11 


“11’ 


H  =  h_7 ;  H 
21  21’  22 


h22* 


greatest  accuracy  for  small  input  resistance  of  the  transistor  ia  obtained 
with  no  load  on  the  input,  hut  vith  large  output  load  (short-circuit  on  the 
outjwt),  ciost  handbooks  now  give  the  h-parametera. 

Numerical  values  of  the  h-parameters  (Table  5-4)  are  also  determined 
from  the  characteristics,  as  shown  in  Figures  5-18  and  5*19-  Accordingly, 


hjjCohm]  -  Uj/ijj  =  4^/41^  j  .  const 

is  the  input  impedance  of  the  alternating  .~urrent  transistor  with  the  alter¬ 
nating  current  shorted; 


h 


12 


V"2 


"i-0 


iU.  /4U _ . 

in  out 


I.  =  const 
in 


is  the  open-circuit  feedback  voltage  for  alternating  current  across  the 
input; 


h21  “  T?/*l  I  U  -0  "  ^out^in  I  U  =  const 
I  2  |  out 

is  the  alternating  short-circuited  current  amplification  factor  at  the  output; 
for  circuits  with  a  common  base  the  current  amplification  factor  is  designated 
by  and  by  0  for  the  circuit  vith  a  coroon  emitter; 


hr  ohm  J  =  i  As  I  ;  _  *  di  JhV  .  |  _  _ 

22  2r  2  I  1^*0  out  out  I  1^  ■  const 

is  the  alternating  current  output  open  circuit  admittance  at  the  input. 

Numerical  values  of  the  transistor  parameters  depend  on  the  circuit, 
electrical  axle,  operating  frequency,  and  temperature. 


Table  5-4 

Typical  values  of  the  h-parameters  of  low-frequency  alloyed  germanium 

transistors 


1 

c  ofctei 

dix4 

3 .  Cxr uj  c  nrt— a 

Monpou 

4 

•  Cacita  c  ofiomi 
KMJKtrTOpOM 

Ail  \°*\ 

40 

200 

2000 

1 

16-10—'  | 

i 

*n 

*  =  0.9S 

i 

IWn-i-a 

i  1 

An  [jmjcw  0)6 

1 

SO 

. 

so 

‘■m* 

2S 

25' 

25 

Keys  1  -  parameter;  2  -  comma  base;  3  -  common  emitter;  4  -  common 
collector;  5  -  ohm;  6  -  ^mho;  7  -  mA/V. 
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The  adr«otA0C8  And  of  various  transistor  circuits  e.n  be 

easily  seen  from  Table  5-4.  Handbooks,  as  a  rule,  usually  give  the  h- 

parameters  for  a  co— Bo  base  circuit.  To  dateniae  h. .  -  h.  h  ,  and  h _ 

11  12  21  22 

in  two  different  circuits,  it  is  required  to  divide  the  corresponding  para* 
meters  of  the  common  base  circuit  by  (l-tr).  The  parameter  hj^  -  1,  and 

h12a  ”  hllbh22»/1'a'  '  h12b' 

II  the  Z  or  T  paraaetera  are  required,  they  be  louDd  iron  the 

following  _  —  _  1  . 

r“  — — h  »  *u  —  ~rr* 


ru“ 


^11 

* 


*u 


rtt 


£a 


*»  . 
*11  1 


1 

*n  ’ 


£a‘ 


*n*n  —  *u*n 


Figure  5-21.  Relationship  of  h- parameters  of  low- power  germanium 
low-frequency  transistors  to  operating  regime  and 
temperature  (cross  hatching  shows  the  regions  of  possible 
variation  in  parameters  from  one  unit  to  another  among 

devices  of  the  same  type}. 
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The  manner  in  which  the  b- parameters  depend  on  state,  temperature  and 
other  factors  is  quite  complex.  These  relat ionships  for  lov» power  germanium 
alloyed  triodes  is  shown  in  Figure  5.21- 

In  addition  to  the  Z,  Y,  and  H  parameters,  there  is  another  system  of 
intrinsic  (physical)  parameters  whose  numerical  values  do  not  depend  on  the 
circuit  configuration.  These  parameters  correspond  to  the  T  equivalent 
circuit  (fig.  5*22). 


Figure  5*22.  Simplest  equivalent  circuit  of  a  transistor  connected 
with  a  couuou.  base. 

re  -  emitter  junction  resistance;  Cft  -  emitter  junction 
capacitance;  r^  -  base  resistance;  rc  -  collector 
junction  resistance;  Cc  —  collector  junction  capacitance ; 

Ie  -  equivalent  current  generator. 

In  this  system  of  parameters  are  introduced: 
the  current  amplification  factor, 

<r  -  -2^;  <5.io) 

resistance  of  the  p-n  Junction, 

%  “2A,. -2-^(1 +  *J; 

base  resistance 

rb  “  r’b  *  r"b  ’  h12/h2/ 
resistance  of  the  collector  p-n  junction 

rc  -  l/h^.  15.12) 

5.8  Frequency  and  Noise  Properties  of  Transistors 

Frequency  properties  of  transistors  are  basically  determined  by  the 

time  required  .for  the  earners  to  cross  the  base  region  and  by  the  effect 

of  the  junction  capacitance.  They  are  characterized  by  a  parameter  called 

the  specific  current  amplification  frequency,  f  [MHz}_  f  is  the  frequency 

C  O'  — 

at  which  the  modulus  of  the  current  amplification  factor  a  decreases  by  f2 

in  comparison  with  the  value  measured  at  low  frequency.  Since  the  capacitance 

and  base  width  depend  on  applied  -oltages  and  currents,  f^  of  a  transistor 

depends  not  only  on  its  ccnstructica  but  also  on  the  operating  mode.  These 

relationships  are  shown  in  Figure  5-23 - 


(5.11) 

(5-12) 
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a  b 

Figure  5-23-  Relationship  of  specific  amplification  frequency 
of  transistors  Pl3«,  Pl4,  and  Pl6  on  the  operating 
node-  a  -  platted  against  emitter  current; 
b  -  plotted  against  collector  voltage. 


Transistors  are  presently  classed  according  to  their  frequency 
characteristics  as  low-frequency  Cf  ^  3  MHz)^  average  frequency  (30  MHz  < 
<  f  ^  30  MHz) ;  high  frequency  (30  MHz  <  f  ^  300  MHz.)  t  and  superhigh 
f-equenc-  ii  >  300  MHz). 

Wh*-  :  transistors  it  oust  be  kept  in  mind  that  the  frequency 

properties  of  a  transistor  in  a  coomon  emitter  circuit  are  considerably 
worse  than  in  a  common  base  circuit.  The  specific  amplification  frequency 


of  a  transistor  in  .comob  emitter  circuit 
the  formula 


is  approximately  calculated  by 


4=0,7/.  (I—  <4|:mke]. 


(5.14) 


Noise  properl  ies  of  mass  production  transistors  is  worse  than  those 

of  vacuum  triodes.  N02.se  depends  on  the  parameters  of  the  transistor 

Qy,  r^,  r^,  its  operating  mode  (1^,  lO,  operating  frequency  f, 

'temperature,  and  impedance  of  the  signal  source  P^  - 

These  relationships  are  complex  in  character*  Change  of  noise  factor 

F  with  changes  in  emitter  current,  temperature,  R  ,  and  frequency  are 
n  0 

shown  in  Figures  5 -24a  and  5 -24b, 

The  noise  factor  of  transistors  usually  is  within  the  limits  5“30  db  and 
may  vary  considerably  from  one  unit  to  another  of  the  sane  transistor  type* 
Noise  of  a  transistor  varies  inversely  with  its  a  and  r_  and  directly 
With  its  r  »n<l  I  -- 
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X  -  Silicon  transistors: 

tf  n  6  V;  R  M  IkQ j  t®  «  25®  Cj  I  e  1  zaA. 
cc  g  « 

2  —  Germanium  transistors : 

Uce  ”  2'5-  V*  Rs  "  1  *0;  Je  *  0.5  -A;.f  -  25-C. 

5.9  Operating  Modes  and  Uses  of  Transistors 

It  is  possible  to  distinguish  three  regions  on  the  family  of  output 
curves  for  a  transistor  (for  example,  for  a  com n  emitter  circuit ) :  active, 
collector  current  cut-off  region,  and  saturation  region  (fig.  5.25). 

In  practice  transistors  are  used  in  two  inodes;  amplification  and 
switching.  In  the  amplification  mode  with  small  signals,  the  transistor 
operates  only  in  the  active  region;  with  large  signals,  it  operates  in  the 
collector  current  cut-off  region  end  in  the  active  region.  In  the  switching 
node,  it  operates  in  all  three  regions.  In  the  active  region,  the  emitter 
junction  is  biased  in  the  forward  direction,  and  the  collector  junction  in 
the  reverse  direction.  Consequently,  output  current  Varies  proportionally 
with  changes  in  input  current, 

rc  -  3»C0  *  V- 

The  cut-off  region  (Mocked  state)  is  characterized  by  reverse  voltage 

on  both  junctions.  Under  these  conditions  it  is  possible  to  consider  that 

approximately  constant  reverse  currents  flow  in  the  circuits  of  both 

electrodes  of  the  transistor:  1  _  I  :  I  1.  ♦  I  . 

eO  cO  bO cO  eO 
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Figure  5*25.  Possible  transistor  operating  monies* 

I  -  saturation  region;  2  -  active  region;  3  •  collector 

current  cut-off  region;  4  -  P  *»  const;  $  -  U 

c  ba*  ce  sat 


The  semiconductor  triode  is  saturated  when  both  junctions  are  biased  in 
the  forward  direction.  Thai  further  change  in  base  current  produces  no 
change  in  collector  current.  Residual  voltage  on  the  collector,  U 
is  small,  usually  amounting  to  tenths  of  a  volt.  Accordingly,  dissipated 
power  on  the  collector  p-n  junction  is  also  small,  and  collector  current 
is  determined  by  the  value  of  load  resistance  and  supply  voltage  £c«  This 
results  in  good  switching  properties  for  transistors  in  pulse  circuits. 

Inertial  properties  of  transirtora  depend  on  the  circuit,  electrical 
mode,  junction  capacitances,  and  transfer  time  for  the  carriers  to  cross 
the  base. 

If  the  operating  point  is  not  in  the  saturation  region,  the  time  constant 

of  the  transition  process  at  the  transistor  output  in  a  comon  emitter  circuit 

(t  )  is  determined  by 
3 

~f ~ Laecl.  (5«15) 


If  the  operating  point  is  in  the  saturation  region,  then  the  processes 
in  the  semiconductor  triode  after  the  end  of  the  base  current  pulse  consist 
of  two  stages  (fig.  5*26).  During  the  first  stage  a  decrease  in  concentra¬ 
tion  (dissipation)  of  accumulated  boles  in  the  base  takes  place.  This  pro¬ 
cess  is  characterized  by  a  dissipation  time  T  , .  ~  lnS,  where 

*  dl.3S  3 

S  -  I^/I^  3^t  is  the  degree  of  saturation;  then  the  operating  point  shifts 
to  the  active  region,  in  which  collector  current  decreases  exponentially 
with  time  constant  T^.  Thus,  recovery  time  from  saturation  to  the  blocked 
state  is  greater  than  t_  ,  which  has  a  negative  effect  on  high-speed  pulse 
circuit. 

Transistors  are  exceptionally  reliable  elements  of  electronic  circuits, 
but  incorrect  use  reduces  their  reliability  and  is  one  of  the  reasons  for 
failures  in  operation. 
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Figure  5.26.  Diagrams  of  transistor  currents  for  pulse  operation. 


Toe  most  f recently  encountered  examples  of  incorrect  operation  are 
the  following: 

1.  Using  devices  at  the  maxi mum  allowable  conditions  or  even  exceeding 
the  operational  limits.  In  all  handbooks  for  each  device  are  given  maximum 
allowable  currents,  voltages,  and  power,  talcing  into  account  the  corresponding 
safety  factor  only  on  technological  breakdown.  These  limits  should  not  be 
exceeded  in- any  static,  dynamic,  or  non-steady  state  which  might  occur  in 
circuits. 

2.  Disregard  for  the  thermal  state  of  the  transistor.  Since  at  in¬ 
creased  temperatures  the  allowable  voltage,  current  and  power  limits  are 
reduced,  almost  all  of  the  transistor  parameters  change.  For  example,  re¬ 
verse  collector  current  on  the  average  doubles  with  each  10flC  rise  in  tem¬ 
perature.  Therefore,  special  attention  should  be  paid  to  cooling  without 
regard  to  bow  for  the  dissipated  power  is  from  the  allowable  limit.  Ger¬ 
manium  transistors  operate  in  a  temperature  range  from  -60  to  -70° C,  and 
silicon  from  -60  to  *120*C.  Transistors  should  only  be  soldered  into  a 
circuit  in  such  a  manner  as  to  minimize  heating  of  the  junctions. 

3.  Using  transistors  in  a  common  emitter  circuit  with  large  resistance 
in  the  base  circuit.  This  resistance  should  be  minimum.  Avoiding  the 
-transistor  output  from  the  arrangement  does  not  -assume  isolation  of  the  base 
circuit  is  the  presence  of  voltages  on  the  other  electrodes. 

4-  Securing  the  transistor  hy  its  leads.  The  transistor  is  resistant  to 
mechanical  stress  only  when  iu  is  mounted  to  the  chassis  by  its  casing.  This 
also,  assures  the  best  heat  conduction  and  generally  increases  stability  and 
reliability  of  operation. 
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6*1  Pulse  Voltages  and  Currents 

An  electrical  pulse  is  understood  to  Dean  the  voltage  (current)  acting 
in  a  circuit  for  a  short  time  period,  short  as  compared  with  the  transient 
processes  taking  place  in  that  circuit. 

Video  pulses  and  radio  {vises  are  different,  in  that  video  pulses  are 
voltages  (currents),  the  instantaneous  values  of  which  differ  from  zero,  or 
from  a  constant  level,  for  a  short  period  of  time  (fig,  6.1a)«  Radio  pulses 
are  {wises  of  high-frequency  sine  voltage  (current)  (fig,  6-lh) _  The  en¬ 
velope  of  a  radio  pulse  is  a  video  pulse. 

Pulses  can  he  of  different  shapes,  depending  on  the  use  for  which 
intended.  Host  often  used  in  radar  work,  are  square  (fig.  6.1c),  sharp 
(fig.  6. Id),  sawtooth  (fig.  6.1e),  and  trapezoidal  (fig.  6.1f,  g)  pulses. 
Video  pulses  can  have  positive  and  negative  polarities. 

The  principal  parameters  of  a  single  pulse  are  its  amplitude  U  (1  ), 

m  m 

width  T  ,  width  of  front  t  ,  and  cut-off  T  (fig.  6.1a).  Conventionally, 
p  1  CO 

the  False  width  is  measured  at  the  level  of  0.1  tf  (1  ),  the  width  of  the 

m  m 

front  can  be  determined  ts  the  time  required  for  the  voltage  (current}  to 

rise  from  0.1  U  (I  )  to  0.9  U  (X  ),  and  the  cut-off  width  an  the  fall  from 
mm  mm 

0.9  U  (I  )  to  0.1  U  (I  }.  The  reading  level  can  sometimes  be  selected  at 
mm  mm 

other  levels,  but  in  any  case  is  always  stipulated. 

The  principal  parameters  of  a  periodic  sequence  of  pulses  are  the 
repetition  (recurrence)  period,  (fig.  6.1a),  the  repetition  (recurrence) 
frequency,  F  *  l/T  ,  the  pulse  duty  factor 

P  P 

Q  v  T _/t  =  l/F  T  (6.1) 

P  P  P  P 

and  its  reciprocal,  the  duty  cycle 


1/3 


VTP 


F  r  - 
P  P 


(6.2) 


Yet  another  parameter  of  the  radio  pulse  is  the  carrier  frequency, 

f  . 
c 


6.2  Pulse  Formation  by  Linear  Electrical  Circuits 

Rheostate  type  capacitive  circuits,  RC,  and  rheostats  type  inductive 
circuits,  RL,  for  differentiating  and  integrating  pulses,  impulsing  circuits, 
and  lines  with  distributed  and  lumped  parameters,  are  all  used  to  form 
pulses. 
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Figure  6.1.  Video  and  radio  pulses* 

a  -  video  pulses;  b  -  radio  pulses;  c  -  square  video 
pulse;  d  -  sharp  video  pulse;  e  -  sawtoothed  video 
pulse;  f  and  g  -  trapezoidal  video  pulses. 


Differentiating  circuits 

A  differentiating  circuit  is  one  in  which  the  voltage  across  the  output 
is  proportional  to  the  derivative  of  the  input  voltage 


k-dU.  /dt. 
an 


Capacitive  (fig.  6-2a)  and  inductive  (fig.  6.2b)  circuits  can  be  used 
for  differentiation.  The  capacitive  differentiating  circuit  is  the  one  most 
widely  used  in  practice.  The  smaller  the  time  constant  (t  =  RC  for  the 
capacitive,  T  =  L/R  for  the  inductive  circuit)  the  more  precise  the  differentia¬ 
tion,  but  the  smaller  the  magnitude  of  the  output  signal.  Hence,  the  mag¬ 
nitude  of  the  time  constant  is  selected  in  accordance  with  concrete 
engineering  conditions. 
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Figure  6.2.  Differentiating  circuits. 

a  -  capacitive;  b  -  inductive. 


Differentiating  circuits  are  used  for  the  following  operations. 

1.  Carry  out  the  mathematical  operation  of  differentiation.  In  the 
electronic  computer  this  use  of  the  differentiating  circuit  is  for  continuous 
action.  A  combination  of  a  differentiating  circuit  and  an  amplifier  (an 
operational  differentiating  amplifier)  is  used  is  this  Case  to  improve 

the  quality  of  differentiation  when  the  ojtput  signal  has  sufficient  amplitude. 

2.  Formation  of  sharp  pulses  from  the  edges  of  the  voltage.  When 
positive  square  pulses  (fig.  6.3a)  are  fed  into  the  input  of  the  differentiating 
circuit,  sharp  pulses  (positive  for  the  tiao  of  the  pulse  front,  negative 

for  -the  time  of  the  pulse  cut-off)  are  obtained  at  the  output.  Formation 
of  sharp  pulses  is  connected  with  the  rapid  charge  (discharge)  of  the  capa¬ 
citance.  Ine  smaller  the  time  constant,  the  shorter  the  pulse.  Vhea  the 
pulse  width  is  ma«_ur*d  at  the  0.1  U  level 

8t 

T  -  2-3  T  -  2-3  SC.  (6.3) 

P 


Figure  6.3.  Voltage  across  the  output  of  a  differentiating  circuit. 

a  -  in  the  case  of  differentiation  of  &  square  pulse; 
b  —  in  the  case  of  differentiation  of  a  trapezoidal  pulse. 

The  shape  of  the  output  pulse  shown  in  Figure  6.3a,  occurs  only  under 
ideal  conditions;  infinitely  short  width  of  the  inprrt  signal  front,  zero 
generator  resistance,  no  shunt  capacitances. 


Ra-015-68 


193 


A  real  pulse  &t  the  output  or  the  differentiating  circuit  has  less 
amplitude-,  is  wider,  and  has  a  finite  width  of  front  (the  dotted  line  in 
fig.  60*)-  Capacitance  C  is  selected  4  to  5  tines  larger  than  and  ^ 

(fig-  6.2a)  in  order  to  reduce  the  effect  of  the  shunt  capacitances.  Or¬ 
dinarily,  and  are  10  to  15  pf«  with  the  magnitude  of  C  ^  50  to  100  pf. 

The  obtaining  of  sharp  pulses  is  sometimes  called  pulse  contraction, 
and  the  circuit  used  a  contracting  circuit*  Use  of  the  contracting  circuit 
makes  it  possible  to  obtain  pulses  with  a  width  of  ^  0.5  to  1  micro¬ 
seconds.  Pulse  contraction  can  be  used  to  form  short-duration  pulses, 
for  selecting  pulses  according  to  width,  and  the  like  • 

3*  Formation  of  square  pulses  from  trapezoidal.  Vhen  a  trapezoidal 
pulse  is  fed  into  the  input  of  a  differentiating  circuit,  there  will  be  two 
square  pulses  at  the  output;  positive  during  the  time  of  the  front,  negative 
during  the  time  of  input  pulse  cut-off  (fig.  6.3b).  Thus,  the  differentiating 
circuit  con  bo  used  to  obtain  the  sensitizing  pulse  in  a  scope  with  raster 
scan. 


Integrating  circuits 

An  integrating  circuit  is  one  in  which  the  voltage  across  the  output  is 
proportional  to  the  integral  of  the  input  voltage 


U  =  k  f  C.  dt. 
out  4  in 

Used  for  the  most  part  for  the  integration  is  the  RC,  capacitive, 
circuit  (fig.  6.4a).  The  RL,  inductive,  circuit  (fig.  6.4b)  is  practically 
not  used. 


Figure  6.4.  Integrating  circuits. 

a  -  capacitive;  b  -  inductive. 

The  larger  the  integrating  circuit's  time  constant,  the  better  the 
quality  of  integration,  but  the  nailer  the  magnitude  of  the  output  signal. 

Principal  uses  of  the  integrating  circuit  are  to  carry  out  the  mathe¬ 
matical  operation  of  integration  (as  an  element  in  an  operational  integrating 
amplifier),  to  make  a  sawtooth  pulse  out  of  a  square  pulse  (fig.  6.5*)  to  form 
the  time-base  sweeps,  for  selecting  pulse  widths,  and  for  obtaining  the  para¬ 
bolic  voltage  from  the  sawtooth  voltage  (fig.  6.5b)  to  form  the  height  scan 
in  the  indicator  of  sn  altimeter  system. 
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Figure  6.5.  Voltege  acrcw  the  output  of  jlo  integrating  circuit. 

a  -  integration  of  a  square  pulse;  b  -  integration  of 
a  sawtooth  pulse. 


Systems  with  Impact  Excitation  Circuits 
Circuit  excitation,  caused  by  the  current  drop  can  be  used  in  these 
systems.  Systems  with  impact  excitation  circuits  are  used  to  obtain  a 
series  of  sinusoidal  oscillations,  abort  sharp  and  square  pulses,  for  pulse 
expansion,  etc. 

Obtaining  series  of  sinusoidal  oscillations.  Positive  feedback  circuits 
are  most  widely  used  (fig.  6.6a).  Upon  initial  operation  tube  is 
triggered,  the  place  current  in  the  tube  flows  through  the  coil  and  stores 
energy  in  the  magnetic  field  of  the  coil.  When  tube  7^  receives  an  input 
pulse  it  is  blocked  and  oscillations  with  frequency  f  a  l/2nl/Ec  appear  in 
the  circuit.  Theae  oscillations  are  repeated  by  the  cathode  follower,  so 
energy  is  available  in  the  circuit.  When  resistor  is  of  the  optimum 
magnitude  the  energy  losses  in  the  circuit  are  compensated  for  and  the  ampli¬ 
tude  of  the  oscillations  remains  practically  constant  (fig.  6.6b).  Connection 
point  "a"  is  usually  selected  at  the  middle  of  the  coil.  Now  the  optimum 
magnitude  of  can  bo  established  through  the  formula 


1/4  •  1/CR. 


(6.4) 


This  circuitry  is  widely  used  in  calibrators  to  obtain  the  range 
markers. 

Obtaining  short  sharp  pulses.  Here  the  critical  condition  is  used, 
and  the  circuit  can  be  shunted  by  resistance 


Jt- 


(6.5) 


Delivery  of  a  negative  pulse  (fig.  6.7a)  results-  in  the  formation  of 
two  sharp  pulses  (fig.  6.7b),  similar  in  shape  to  the  pulse  from  the 
differentiating  circuit,  at  the  circuit  output.  This  is  why  this  circuit 
is  often  called  an  inductive  differentiating  circuit.  The  principal  advantage 
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Figure  6.6.  Arrangement  with  impact  excitation  circuit  and 
positive  feedback. 

a  -  schematic;  b  -  voltage  time  diagrams. 


Figure  6.7.  Stage  with  inductive  differentiating  circuit. 

a  -  schematic;  b  —  voltage' time  diagrams. 

of  the  circuit  is  the  possibility  of  obtaining  a  large  amplitude  pulse, 
considerably  in  excess  of  -the  source  voltage  E^. 

Forming  lanes 

Distributed-parameter  lines,  as  well  as  artificial  lines  with  lumped 
parameters,  can  be  used  to  form  short  square  pulses.  Xbe  advantages  of 
these  devices  include  good  shape  and  a  highly  stable  pulse  width,  and 
•the  possibility  of  obtaining  high  power  pulses. 

The  line  can  be  used  as  an  energy  back  for  purposes  of  obtaining  power¬ 
ful  pulses.  The  line  is  charged  by  closing  the  key  (fig.  6.8a).  The 
charging  time  is 


^charge  ’  ><*  *  IWtC’ 
l  is  "the  line  (caWe)  length,  meters; 

Z  is  the  line  capacitance  (capacitance  per  meter  of  length}* 


where 
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The  line  discharges  to  load  H  »  o  *  I L/C  at  the  movent  the  key  is 

closed  (a  thyratron  is  often  used  aa  the  key).  Waves  of  voltage  and  current 

are  propagated  on  the  line  at  velocity  v  ■  c/l/c' Ce  is  the  speed  of  light; 

€  is  the  dielectric  constant  of  the  cable  dielectric)*  By  tine  T .  «  z/v 

d 

the  voltage  (current)  wave  reaches  the  end  af  the  line  and  is  reflected  froo 
the  open  end  of  the  line  to  be  propagated  Lo  its  origin  at  the  sane 
velocity*  When  the  reflected  wave  arrives  at  the  origin  of  the  line  the 
line  is  completely  discharged.  A  pulse  with  amplitude  E/2  and  width 

Tp  -  2T^  *  2~~ yT**  5,6‘l-0~vyr  [.icro second*)  (6.7) 

i&  formed  at  the  load. 

The  pulse  shape  is  do  storied  (fig.  6.8b)  when  there  is  a  line  mismatch 
(Rload  *  •>  °r  “load  <  P}- 

The  principal  advantage  of  using  a  coaxial  cable  (RK-1,  RK-3,  RK-20,  and 

others)  for  forming  is  the  undistorted  pulse  shape  (when  the  cable  ia  matched 

to  the  load).  Disadvantages  are  low  characteristic  impedance  ( p  *  JO  to 

150  ohms)  and  long  length  (in  order  to  obtain  T  «=  1  microsecond  a  length 

d 

of  I  o  200  to  300  meters  is  required).  One  of  the  conductors  is  twisted 
into  a  spiral  (spiral  lines  RKZ— 400,  RKZ— 401 ,  and  others)  to  reduce  the  length 
of  the  cable.  These  lines  provide  a  delay  of  1  microsecond  per  lo  cm  of 
Cable  length  at  a  characteristic  impedance  of  about  1,000  ohms.  The  prin¬ 
cipal  shortcoming  of  tlx  spiral  line  is  the  extensive  distortion  of  the 
pulse  shape.  Spiral  lines  usually  have  a  delay  of  «£  1  microsecond. 


Figure  6.8.  Forming  line**. 

a  -  schematic;  b  -  voltage  time  delays. 


Artificial  chain  lines  (fig.  6.$a)  are  those  most  widely  used  because 
they  are  compact,  and  because  different  characteristic  impedances  (from 
tens  of  ohms  to  several  kilohms)  and  delays  (from  thesis  of  a  microsecond  to 
several  tens  of  microseconds)  can  be  obtained.  Chain  lines  consist  of  series- 
connected  cells  of  inductances  and  capacitances. 
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The  dar*et«ri«tic  impedance  0line  «nd  the  delay  time  in  on*  link  can 
be  established  -through  the  fenwUs 


pline  “ Y^cell^  Ccell  ' 
Td  i 


(6.8) 

(6.9) 


The  width  of  the  pulse  that  is  formed  is 

%  -"d  ’  *  (6‘10) 

where 

a  is  toe  number  of  cello- 

Increasing  -the  number  of  cells  results  in  «  shortening  oi  th*  front 
(fig.  6. 9b).  For  s  given  front  width 

n  -  0.27*T  /-rf-  (6.11) 


Figure  6-9-  Artificial  chain  line. 

e  -  schematics  b  -  voltage  tine  diagrams. 

IloViver,  an  increase  in  the  number  of  cells  does  not  do  away  with  the 

oscillations  at  the  apex  of  the  pulse.  Correction  is  used  to  improve  the 

Shape  of  the  apex,  and  that  most  often  used  is  a  booster  inductance,  1^. 

When  L  =  L  there  are  virtually  no  oscillations  at  the  apex,  but  the 
O  ,  . 

vidth  of  the  front,  doubles  (the  dotted  line  in  fifl*  6*9b}« 
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Forming  lines  are  used  in  the  pulse  modulators  of  radars,  in  coding  and 
decoding  devices,  for  stabilizat ion  of  pulse  generators. 

6.3  Nonlinear  Electrical  Circuits  Used  for  Pulse  Formation 

The  parameters  R,  L,  and  C  depend  on  the  magnitude  of  the  voltage 
(current )  in  nonlinear  forming  circuits* 

Clic;»ers 

A  clipper  is  a  device,  the  voltage  across  the  output  of  which  remains 
constant  when  the  input  voltage  goes  beyond  the  limits  of  a  fixed  level, 
the  quantizer  threshold.  When  the  values  of  the  input  voltage  are  inside 
the  quantizer  threshold  the  voltage  should  be  reproduced  across  the  output 
without  distortion.  Limitation  of  the  upper  part  of  the  input  voltage  re¬ 
sults  in  top  clipping,  limitation  of  the  lower  results  in  bottom  clipping, 
and  when  limitation  is  of  the  -pper  and  lower  parts  in  bilaterial  clipping* 

Clippers  are  used  to  obtain  square  pulses  from  a  sine  voltage*  for 
amplitude  and  polarity  selection,  and  for  improving  pulse  shape.  Elements 
in  which  the  resistance  very  definitely  depends  on  the  regime  arc  used  for 
clipping.  Diodes,  multi -elect rode  tubes,  and  transistors  are  used  as  non¬ 
linear  elements  such  «s  this. 

Diode  clippers.  The  principles  of  operation  of  diode  clippers  are  based 
on  unidirectional  conductivity  of  the  diode*  They  are  used  in  electro  vacuum 
and  semiconductor  diodes.  The  advantages  of  the  vacuum  diode  include  a 
high  value  of  back  resistance  and  permissible  voltage,  and  a  low  temperature 
ratio.  Shortcomings  include  large  size,  less  efficiency  and  reliability 
(than  semiconductor  diodes),  dependence  of  the  characteristic  on  the  filament 
voltage,  and  high  inter-electrode  capacitance*  Today  semiconductor  diodes 
are  used  in  clippers,  for  the  most  part*  There  are  series  and  parallel 
diode  clipper  circuits,  depending  on  the  method  used  to  cut  in  the  diode. 

In  the  series  diode  clipper  circuit  (fig.  6*10)  the  diode  is  unblocked 
when  the  voltage  is  positive  and  the  voltage  at  the  output  will  repeat  the 
input  voltage,  whereas,  when  the  voltage  is  negative  the  diode  will  be 
blocked  and  the  output  voltage  will  be  clipped*  The  clipping  level  can  be 
changed  by  changing  the  magnitude  and  polarity  of  the  bias  source.  The 
ad  van  t  ate  of  this  arrangement  is  the  clearly  defined  clipping  level*  The 
disadvantage  is  the  capacitive  coupling  between  the  input  and  output  be¬ 
cause  of  the  platc-caihodc  capacitance,  causing  distortion  in  the  shape  of 
the  output  voltage,  particularly  when  the  front  is  quite  steep. 

In  the  parallel  circuit  of  the  diede  clipper  (fig*  6*11 ),  when  the 
diode  is  unblocked  the  load  resistance  R1<>ad  i*  shunted  by  the  low  resistance 
of  the  diode  and  the  output  voltage  is  limited,  while  if  the  diode  is  blocked 
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Figure  6.10.  Clipper*  vitb  series  oocrectod  load. 

a  -  top  clipper  to  zero  level;  b  -  bottom  clipper  to 
zero  level;  c  -  top  clipper  to  positive  level;  d  - 
bottom  clipper  to  negative  level;  e  —  bilateral  level • 


the  voltage  across  the  output  repeats  the  shape  of  the  input  voltage.  The 
condition  Rl0ftd  ►  Rclip  ^  ^  satisfied  if  the  circuit  is  to  function 

normally.  The  absence  of  capacitive  coupling  between  the  input  and  output 
is  the  advantage  of  this  circuit,  whereas  the  disadvantages  are  the  need 
for  a  bias  source  with  low  internal  resistance,  less  definition  of  the 
clipping,  and  attenuation  of  tbe  output  signal  caused  by  the  drop  in 
voltage  across  RC2£p* 
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Figure  6-11.  Clippers  with  parallel  connected  load* 

a  -  top  clipper  to  zero  level;  b  -  bottom  clipper  to 
zero  level-  c  —  top  clipper  to  negative  level;  d  — 
bottom  clipper  to  positive  level;  e  -  bilateral!, 
clipper* 


Hie  advantages  of  all  diode  clipper  circuits  are  simplicity,  efficiency, 
and  stability  of  the  clipping  level.  Lack  of  amplification  is  a  short¬ 
coming* 
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Clipping  Amplifiers 

Multi -electrode  tubes,  or  transistors,  can  be  used  to  obtain  clipping 
and  amplification.  Three  types  of  clipping  a.e  possible,  as  a  result  of  the 
flow  of  Grid  currents  (grid-circuit  clipping),  as  a  result  of  the  lower  and 
upper  bending  of  the  plate-grid  curve  (pi ate- circuit  clipping  top  and 
bottom). 

Grid-circuit  clipping.  The  circuit  describes  an  amplifier  with  resistance 

Rclip  *nserted  *n  its  flrid  circuit  (fig.  6.12a)*  When  the  voltage  across 

the  grid  is  positive  the  voltage  across  the  amplifier  input  is  clipped  by 

the  flow  of  grid  current  through  this  resistance  similar  to  the  parallel 

diode  clipper  (fig.  6.12b).  The  voltage  clipped  in  the  grid  circuit  is 

amplified  and  inverted  in  the  plate  circuit. 

Bottom  plate-circuit  clipping  is  obtained  in  the  amplifier  (fig.  6-1} a) 

by  plate  current  cutoff.  When  the  input  voltage  drops  below  E  the  tube 

go 

is  blocked,  the  voltage  across  the  plate  reaches  the  magnitude  E^,  and  is 
clipped  (fig.  6.13b). 


Figure  6.12.  Grid-circuit  clipper. 

a  -  schematic;  b  -  voltage  and  current  tine  diagrams. 

Top  plate-circuit  clipping.  A  pentode  and  a  high-resistance  plate 
load  must  be  used  to  obtain  this  clipping.  The  clipping  results  from  the 
transition  of  the  pentode  into  the  critical  condition,  and  this  establishes 
the  minimum  voltage  across  the  plate  (fig.  6.14). 

A  combination  of  bottom  plate-circuit  clipping  with  grid-circuit  clipping, 
or  top  plate-circuit  clipping,  is  used  to  obtain  bilateral  clipping-  A 
transistor  can  be  used  for  unilateral  or  bilateral  clipping  (fig.  6.15) • 

Top  clipping  is  by  blocking  the  transistor,  while  bottom  dipping  ww Its 
from  the  transition  to  the  saturation  condition  (for  transistors  of  the 
p-n-p  type). 
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Figure  6.15-  Bilateral  transistor  limiter. 

A  -  schematic;  b  -  voltages  and.  current  time  diagrams. 

Level  Clampers 

Separation  circuits  (RC  circuits  and  transformers)  will  not  pass  the 
direct  components  (fig.  6.1 6a) ,  and  level  clampers  make  d.c.  restoration 
possible.  A  diode  is  usually  used  for  this  purpose  (fig.  6-1 6b).  In  the 
interval  between  the  pulses  the  condenser  quickly  discharges  through  the 
diode*  eradicating  the  output  voltage  biasing  and  changing  the  zero  level. 
A  source  of  biasing  voltage  must  be  cut  in  in  series  with  the  diode  to 
change  the  clamping  level.  Clampers  are  used  in  the  output  stages  of  the 
sweeps  of  scopes,  for  background  restoration  in  television  sets,  and  the 
like. 


Figure  6.l6.  Level  clampers,  a  -  change  in  the  initial  level 

as  pulses  pass  through  an  RC  circuit;  b  -  clamper  cir¬ 
cuit  and  output  voltage  time  diagram. 
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Circuixs  with  Nonlinear  Magnetic  Elements 
The  cores  of  nonlinear  ma.jnetic  eler<ents  for  the  most  part  are  manu¬ 
factures  from  ferrites  with  a  rectangular  hysteresis  loop  (fig.  6.17). 

Circuits  with  nonlinear  magnetic  elements  are  used  to  form  pulses  (peak  trans¬ 
formers),  or  as  circuits  with  two  stable  states. 

Peak  transformers  (fig-  6.18a)  are  used  to  convert  the  sine  voltage  into 
short  pulses.  The  operating  condition  is  selected  such  that  the  transformer 
is  saturated  for  a  good  part  of  the  period.  The  voltage  is  zero  across  the 
i-jtput.  Short  pulses  <fig.  6-l8b)  appear  at  the  output  as  the  transformer 
shifts  from  one  saturated  state  to  the  other.  Advantages  of  the  peak  trans¬ 
former  are  reliability,  simplicity,  compactness,  great  steepness  of  output 
pulse  cut-off.  Shortcomings  are  not  very  steep  pulse  edges  and  small  ampli¬ 
tude  output  pulses. 


»i 


Figure  6.17*  Hysteresis  loop  of  a  ferromagnetic  material. 

Circuits  with  two  stable  equilibrium  states.  The  circuits  are  based  on 

the  presence  of  two  stares  of  residual  :nagnetization  of  the  core  (toroid), 

t-B  and  -13  (fig.  6.17).  The  basis  of  the  circuit  id  the  toroid  with 
res  res 

several  windings  Cfig-  6-19*)  - 


Figure  6. Id.  Pea it  transformer. 

a  -  schematic;  b  -  voltage  time  diagrams. 

If  the  magnetic  state  of  the  toroid  is  established  by  the  point  “Bresi 
when  a  pulse  current  is  fed  to  -winding  I  the  core  undergoes  a  reversal  cf 

magnetism  to  -*B  •  When  the  pulse  current  ceases  the  toroid  enters  the  second 

m 
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stable  state,  cne  that  corresponds  to  the  residual  magnetization  *B  .  Now, 
if  a  pulse  current  is  fed  to  winding  II  the  core  undergoes  a  reversal  of 
magnetic  to  -B^,  and  after  this  pulse  subsides  the  toroid  returns  to  tbc 
original  state  of  residual  magnetization  -B  . 

An  emT  pulse  is  induced  at  the  output  winding  each  time  the  toroid  under¬ 
goes  a  reversal  of  magnetism  (fig.  6.19b). 


Figure  6.19-  Ferrites  used  in  circuits. 

a  -  ferrite  toroid;  b  -  time  diagrams  of  currents, 
voltages,  and  reaanence;  c  -  ferrite-diode  element; 
d  -  ferrite-transistor  element. 

If  the  toroid  had  been  in  state  ^reB  ?r*or  to  feeding  the  pulse  to 

winding  I,  upon  delivery  of  the  induction  pulse  the  increase  is  to  and 

after  the  pulse  has  died  out  the  toroid  returns  to  the  original  state., 

The  toroid  does  not  undergo  a  reversal  of  magnetism  and  the  emf  pulse  induced 

in  the  output  winding  is  small  in  amplitude.  Nor  does  reversal  of  magnetism 

occur  with  the  delivery  of  pulse  current  to  winding  II  if  prior  to  the 

delivery  the  magnetic  state  of  the  toroid  had  been  established  by  the 

retnanence,  — B  • 

res 

Diodes  (ferrite-diode  elements)  *  or  transistors  (ferrite-transistor 
elements),  are  inserted  as  couplings  between  the  cores  to  provide  unidirectionality 
of  information.  Insertion  of  transistors  also  provides  amplification  of  the 
input  signal-  Other  elements  (such  as  transfluxors,  "email  ladders,"  and  the 
lift}),  are  made  of  ferrites,  in  addition  to  toroids.  Ferrite  circuits  are 
widely  used  as  switching,  logical,  and  memory  elements. 


SA-015-60 


206 


6-4  Square  Pulse  Generation 

These  generators  use  devices  with  a  falling  section  on  the  volt-ampere 
curve-  It  is  a  known  fact  that  on  this  section  the  device's  equilibrium  state 
is  unstable,  resulting  in  the  voltage  (current)  jumps  needed  to  form  square 
pulses*  Positive  feedback,  or  devices  with  a  falling  section  Oi.  their 
curves  (thyratrons,  tunnel  diodes,  secondary  emission  tubes,  and  the  like), 
ore  used  to  obtain  this  curve. 

Pulse  generators  can  function  in  the  following  modes: 
autooscillation,  when  generation  occurs  without  outside  excitation; 
synchronization,  when  outside  signals  controlling  the  operation  of  the 
generator  are  fed  to  the  generator  functioning  in  the  autooscillation  mode; 

start-stop  (driven),  when  the  generation  is  the  result  of  the  effect 
of  the  outside  signal  only* 

Multivibrators  as  Generators 

Tn  generators  of  this  type  the  positive  feedback  is  created  by  using  two- 
stage  amplifiers  in  which  the  output  fro®  one  stage  is  coupled  to  the  input 
of  the  other. 

Multivibrators  operating  in  the  autooscillation  mode-  The  principal  cir¬ 
cuit  in  the.  multivibrator  (fig*  6.20a)  i*  a  two- state  resistance-coupled 
amplifier,  in  which  the  output  from  each  of  the  amplifiers  is  capacitance- 
coupled  to  the  input  of  the  other  through  a  separation  capacitor-  Generation 
involves  sequential  blocking  of  one  tube  and  firing  the  other  (a  process 
known  as  inverting  the  circuit).  After  sequential  inversion  the  capacitor 
connected  to  the  plate  of  the  triggered  tube  discharges  through  this  tube 
and  the  leakage  resistance,  creating  a  negative  voltage  across  the  grid  of 
the  blocked  tube,  keeps  this  tube  blocked.  When  the  capacitor  discharges  the 
voltage  across  the  grid  of  the  blocked  tube  increases  and  when  it  reaches  a 
magnitude  equal  to  that  of  the  blocking  voltage  the  tube  fires,  the  positive 
feedback  circuit  is  re  sot  red  and  the  next  inversion,  the  blocked  tube  is 
triggered,  the  triggered  tube  is  blocked,  takes  piece  in  the  circuit - 

Square  pulses  are  formed  at  the  tube  plates  (fig*  6.20b).  The  width 
of  the  pulses,  and  their  repetition  frequency,  can  be  established  through  the 
formulas 


TP 1  -  W 

(6.12) 

%a- W  V'Koh 

(6.13) 

VV",  S'* 

(6.14) 

Pulse  width  and  repetition  frequency  are  regulated  by  changing  the  magni¬ 
tudes  of  the  leakage  resistances  (H^  and  R^),  or  of  the  capacitance. 
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Minimum  multivibrator  pula*  width  is  0.5  to  2  microseconds,  the  oscilla¬ 
tion  frequency  is  from  a  Traction  of  a  hertz  to  hundreds  of  thousands  of 
hertz,  and  the  pulse  rate  can  reach  100-  Frequency  stability  is  low  and  is 
but  a  few  percentage  points  in  the  best  of  cases, 

A  simple  way  in  which  to  increase  stability  is  to  use  a  multivibrator 
with  "positive"  grids  (the  dotted  line  in  fig,  6.20a  shows  the  leakage  re¬ 
sistances  cut  in  in  this  circuit).  Other  stabilization  methods  will  be 
reviewed  in  what  follows. 

The  transistor-type  multivibrator  (fig.  6.21 )  is  no  different,  in  prin¬ 
ciple,  than  the  tube  type,  but  as  a  practical  matter  hias  is  always  fed  tc 
the  base  in  the  case  of  the  transistor  generators  to  increase  stability. 

Pulse  width,  repetition  frequency,  and  amplitude  of  pulses  are  calculated 
through  the  formulas 


T 


P  1 


■W 


"mV** 


2  -  . 
1  -  "coV-^c 

2*1cORb2^c 

1  *  "coV^ 


V  'p  1  ’  TP  2’ 
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The  dependence  of  the  initial  current,  1^,  on  the  temperature  is  in  the 
main  determined  by  the  temperature  stability  of  the  pulse  repetition  period. 

Zn  order  to  increase  the  stability  it  is  desirable,  insofar  as  this  is  possible, 
to  increase  Ec,  reduce  resistance  R^,  and  select  transistors  with  small 
current  values,  1^-  One  way  to  increase  stability  is  to  insert  a  base  of 
silicon  diodes  In  the  circuit.  Instability  of  the  repot ix ion  period  can  be 
reduced  to  a  few  percentage  points  by  the  use  of  these  measures. 

Triggered  multivibrator.*  Triggered  multivibrators  are  understood  to  be 
multivibrators  with  a  single  stable  equilibrium  condition,  producing  a  single 
pulse  triggered  by  an  outside  signal.  Triggered  multivibrators  are  used  as 
pulse  expanders,  strobe  pulse  generators,  time  delay  devices,  and  the  like. 

There  are  many  circuit  designs  fer  the  triggered  multivibrator. 
Specifically,  we  can  make  a  triggered  multivibrator  by  blanking  one  of  the 


*  These  circuits  are  also  called  single- pulse  multivibrators,  single- 
vibrators,  trigger  circuits,  kipp  relays. 
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multivibrator  tubes  (fig.  6.20a)  by  an  outside  biasing  source.  Most  frequently- 

used  is  the  triggered  multivibrator  with  cathode  coupling  (fig*  6.22a).  The 

advantages  of  this  circuit  are  stability,  simplicity,  absence  of  a  negative 

bias  source,  good  pulse  shape  at  the  plate  of  tube  T^.  In  its  initial  state 

tube  is  blocked  by  voltage  created  by  the  current  from  -the  unblocked 

tube,  T  ,  at  resistance  R  .  Upon  delivery  of  the  trigger  pulse  tube  T_  is  un- 
•*;  c  l 

blocked  and  is  blocked.  Condenser  C,  discharging  through  unblocked  tube  T^, 
provides  a  negative  voltage  across  resistance  R,  keeping  tube  T 2  blocked*  As 
the  condenser  discharges  this  voltage  increases  and  when  it  reaches  the 
blocking  voltage  tube  7^  is  unblocked  and  tube  T  is  blocked.  The  original 
condition  of  the  circuit  is  restored  (fig.  5 -22b)  after  condenser  C  is  charged 
from  source  E  • 


Figure  6*22.  Triggered  multivibrator  with  cathode  coupling  using 
electron  tubes. 

a  -  circuit*,  b  -  voltage  time  diagrams. 

The  pulse  width  can  be  calculated  through  the  formula 

T  ~  RCln  -  U  ,/|e  J.  (6.19) 

p  ml'  1  g0' 

Width  is  adjusted  by  changing  R  and  C,  as  veil  as  by  changing  voltage  £  • 

The  circuit  provides  pulses  from  units  in  microseconds  to  fractions  of 
a  second*  Maximum  permissible  pulse  duty  factor  is  0*3  to  0.5.  The  use  of 
certain  types  of  circuits  (pick-off  diode,  cathode  follower)  results  in  con¬ 
siderably  increasing  the  duty  factor.  Stability  of  the  pulse  width  is  in 


percfntage.  Connecting  the  resistance  to  source  (the  dotted  line  in 
dig-  6.22a)  results  in  s  several-fold  increase  in  the  stability. 


Figure  6.23.  Triggered  oultivibrstor  with  emitter  coupling  using 
transistors. 

a  -  schematic;  b  -  voltsge  time  diagrans. 


Circuits  using  transistors  to  nake  triggered  multivibrators  are  similar 
to  corresponding  circuits  using  tubes.  Figure  6.23  shows  a  triggered  multi¬ 
vibrator  circuit  with  emitter  coupling. 

The  pulse  width  can  be  calculated,  approximately,  through  the  formula 


(6.20) 


Triggers 

triggers  are  start-stop  devices  with  two  stable  equilibrium  conditions. 
Rheostat  coupling  between  stages  is  used  to  obtain  this  node.  Triggers  are 
divided  into  symmetrical  triggers,  in  which  both  stages  axe  identical,  and 
unsymmetrical  -  Symmetrical  triggers  are  used  as  frequency  dividers  for 
pulse  repetition,  for  controlling  various  types  of  devices,  as  memory, 
counting,  and  switching  cells  in  electronic  computers,  and  the  like.  Un- 
syuoetric&l  triggers  are  used  mainly  to  fore  square  voltages  from  sine 
voltages  and  as  amplitude  discriminators. 
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Figure  6.24.  Vacuum  tube  symmetrical  triggers. 

a  -  trigger  with  external  biasing;  b  -  voltage 
tine  diagrams;  c  -  -trigger  with  automatic  biasing. 

Vacuum  tube  synaetrical  triggers.  The  circuit  most  widely  used  is  the 
cue  with  an  external  biasing  source  (fig.  6.24a).  The  circuit  has  two  stable 
equilibrium  conditions: 

tube  T  is  unblocked,  is  blocked; 
tube  is  blocked,  is  unblocked. 

A  negative  pulse,  blocking  the  unblocked  tube  (or  a  positive  pulse  un¬ 
blocking  the  blocked  tube)  must  be  led  into  the  input  in  order  to  shift  the 
trigger  from  one  stable  state  to  the  other.  The  voltage  across  the  plate  of 
the  unblocked  tube  will  increase  and  will  flow  through  the  coupling  circuit  to 
the  grid  of  the  blocked  tube  and  unblock  it.  The  circuit  shifts  to  the 
second  stable  state,  and  this  bolds  until  the  arrival  of  the  next  trigger 
pulse. 
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An  automatic  biasing  circuit  (fig.  6.24c)  is  often  used,  in  addition 
to  the  circuit  discussed.  This  circuit  has  the  advantage  of  the  abaenee  of  a 
biasing  source,  but  also  has  the  disadvantages  that  go  with  having  two 
additional  elements  and  a  reduction  in  the  amplitudes  of  the  output  pulses. 

The  use  of  the  external  biasing  source  circuit  is  desirable  in  devices 
with  a  great  many  trigger*. 

The  type  of  triggering  reviewed,  in  which  pulses  of  just  one  polarity  are 
fed  to  the  tube  grid  in  turn,  or  in  which  jvlses  of  alternating  polarity  are 
fed  to  the  grid  of  a  single  tube,  is  called  split  triggering.  Another  type 
of  triggering,  common  (or  counting),  is  used  when  triggers  are  used  in  counters. 
Pulses  of  just  one  polarity  are  fed  to  the  grid  (or  plate)  of  the  trigger  tube 
through  a  diode  (fig.  6.25). 

^jick-acting  triggers  can  be  characterized  hy  mar imum  frequency  of 
repetition  of  the  trigger  pulse*,  at  which  the  trigger  functions  stably. 

Trio  do  triggers  can  provide  quick  action  up  to  1  MHz.  The  action  can  be  in¬ 
creased  to  IO  MHz  and  higher  hy  some  complication  of  the  circuit  (the  use 
of  pentodes,  additional  cathode  followers,  high-frrqumcy  correction,  clamping 
diodes,  and  others). 

Symmetrical  transistor  triggers.  Transistor  triggers  are  similar  to 
tube-type  triggers  (fig.  6-26).  The  speed  at  which  these  triggers  function 
is  usually  slower  than  that  of  the  tube-type  triggers,  because  of  the  lower 
(as  compared  with  tubes)  frequency  properties  of  the  transistor,  as  well  as 
because  of  the  delay  in  the  beginning  of  the  turnover  at  the  time  the  unblocked 
■transistor  leaves  the  saturated  mode.  A  Variety  of  circuit  arrangements  can 
bo  used  to  increase  the  action,  such  as  nonlinear  feedback  to  eliminate  the 
saturation  mode,  emitter  repeaters,  diode  clamping,  high  frequency  correction, 
and  the  like  (fig.  6.2?).  The  use  of  these  measures  can  result  in  arriving 
at  a  speed  of  a  few  megahertz. 


'4 


Figure  6.25-  Symmetrical  triggers  with  common  triggering, 
a  -  grid;  b  -  plate. 


Figure  6.26.  Symmetrical  saturated  transistor  trigger. 

a  -  schematic;  b  -  voltage  time  diagrams. 


Figure  6.27.  Different  transistor  trigger  designs. 

a  -  with  diode  clamping;  b  -  with  emitter  followers; 
c  —  with  high-frequency  correction. 


Pnsymmetrical  trigger  with  cathode  coupling  (fig.  6.28}.  This  circuit 
has  a  number  of  advantages,  including  a  well— shaped  output  pulse,  and  a 
high  degree  of  sensitivity.  However,  triggering  will  only  occur  with  alter¬ 
nating  polarity  pulses  so  the  unsymmetrical  trigger  with  cathode  coupling  is 
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not  u»«d  in  counter  circuits.  When  a  voltage  is  delivered  to  the  input  the 
trigger  flip-flops  any  tine  the  input  voltage  passes  through  the  operation 
level.  The  transistor  circuit  is  similar  to  the  tube  circuit <» 


Figure  6.28.  Uns ynacet rical  trigger. 

a  -  schematic;  b  -  voltage  time  diagrams. 

Gas  discharge  triggers  (thyratrons,  cold  cathode  tubes)  make  it  possible 
to  switch  heavy  currents.  The  chief  shortcoming  of  gas  discharge  triggers  is 
their  slow  action,  o  few  tens  of  kHz.  They  are  used  in  automatic  circuits, 
electronic  switches,  and  counters.  Figure  6.2$  is  the  schematic  of  one 
design  of  a  cold-cathode  tube  trigger.  Initially  one  of  the  tubes  is  fired 
(unblocked),  the  other  is  blocked,  and  condenser  C  is  charged.  Upon  delivery 
of  a  positive  pul  re  the  blocked  tube  fires,  condenser  C  begins  to  discharge 
through  this  tube,  the  plate  voltage  of  the  tube  which  had  fired  drops 
sharply,  and  the  tube  is  killed.  The  trigger  shifts  to  the  second  stable 
condition. 

Tunnel  diode  trigger  (fig.  6.30a).  The  falling  section  of  the  diode 
curve  is  used  in  tunnel  diode  generators.  The  load  line  should  intersect 
the  diode  curve  at  three  points  (fig.  6- 30b),  in  order  to  obtain  two 
stable  states;  points  1  and  3  are  stable,  point  2  is  unstable.  The  circuit 
can  be  triggered  by  pulses  of  alternating  polarity,  and  when  the  pulse  is 
negative  the  transition  is  made  from  point  3  to  point  1,  when  positive  from 
point  1  to  point  3  •  Advantages  of  this  circuit  include  simplicity,  high 
speed  (up  to  several  tens  of  megahertz),  and  high  temperature  stability. 
Shortcomings  include  lack  of  a  uni  direct  ionol  signal,  making  it  difficult 
to  match  stages,  and  low  voltage  (tenths  of  a  volt).  The  use  of  transistors 
will  do  away  with  these  shortcomings.  A  speed  of  several  MHz  can  be  reached 
with  combination  circuits  such  as  these.  In.  addition  to  their  use  in 
triggers,  tunnel  diodes  can  be  used  in  multivibrators  for  autooscillation  and 
triggered  modes. 
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Figure  6.29. 


* tc 


Cold-cathode  tube  trigger. 


Figure  6.30.  Tunnel  diode  trigger. 

a  -  schematic;  b  -  volt-ampere  curve;  c  -  voltage 
time  diagrams. 


Blocking  Oscillators 

A  pulse  transformer  is  used  to  form  the  positive  feedback  in  these  os- 
collators*  Blocking  oscillators  are  used  to  generate  short  pulses  (from  a 
few  tens  of  nanoseconds  to  several  tens  of  microseconds)  with  a  relatively 
high  pulse  rate  (from  several  tens  to  several  hundreds  of  thousands).  An 
important  advantage  of  the  blocking  oscillator  over  the  multivibrators  is  the 
ability  to  obtain  high  power  in  a  pulse  for  low  average  power.  The  most 
widely  used  design  of  a  hlocking  oscillator  in  the  autooseillation  mode  is 
shown  in  Figure  6.3  la. 

The  tube  is  blocked  by  negative  voltage  across  the  grid,  created  across 
resistance  R  by  the  discharge  of  condenser  C,  in  the  interval  between  pulse 
generations.  The  discharge  causes  the  voltage  across  the  grid  to  increase 
and  when  it  reaches  the  magnitude  of  the  trigger  voltage  the  tube  fires,  the 
feedback  circuit  is  closed  and  pulse  generation  occurs  (fig.  6-31b).  During 
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Figure  601-  Electron  tube  blocking  oscillator. 

a  -  schematic;  b  voltage  time  diagrams. 


Figure  602.  Start-stop  blocking  oscillator. 

a  -  with  triggering  through  the  diode;  b  -  with  a 
triggering  stage. 


generation  condenser  C  is  charged  by  the  grid  current,  the  voltage  across 
the  grid  decreases,  and  the  tube  is  once  again  blocked  at  some  predetermined 
time.  The  transformer  windings  must  buck  each  other  in  order  for  generation 
to  occur.  If  generation  fails  to  occur  the  ends  of  one  of  the  windings  must 
bo  reversed.  The  voltage  for  the  blocking  oscillator  can  be  picked  off  the 
plate,  or  the  third  (load)  winding,  so  it  is  easy  to  obtain  the  required 
polarity  and  output  pulse  amplitude.  Sometimes  the  output  voltage  can  be 
taken  off  at  the  resistance  connected  to  the  plate  or  cathode  circuit.  Negative 
pulses  con  be  taken  off  at  the  plate  load,  positive  ones  at  the  cathode  load. 
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The  repetition  period  can  be  adjusted  by  changing  the  magnitude  of 
resistance  R  and  capacitance  C,  the  pulse  width  by  changing  capacitance  C. 

Use  of  a  "positive"  grid  circuit  results  in  a  several-fold  increase  in 
repetition  period  stability-  The  blocking  oscillator  can  be  blocked  by  an 
external  source  to  obtain  the  triggered  mode. 

One  of  the  most  widely  used  methods  of  triggering  is  the  delivery  of  the 
trigger  pulses  through  an  isolation  diode  (fig*  6.32a).  Sometimes  an 
additional  decoupling  stage  (a  cathode  follower,  or  a  tube  connected  in 
parallel  with  the  blocking  oscillator  tube)  can  be  used  for  triggering 
(fig.  6.32b). 

Transistor  blocking  oscillators  can  'generate  pulses  with  widths  of  frc*o 
a  few  tenths  of  a  microsecond  to  several  hundred  microseconds  with  pulse 
rates  from  several  units  to  several  thousand.  The  circuits  and  the  operating 
principles  are  similar  to  corresponding  tube  blocking  oscillators.  Most 
frequently  used  is  the  transistor  .blocking  oscillator  with  a  common  emitter 
(fig.  6.33).  The  diode,  D,  ia  used  to  reduce  the  kickback  occurring  after 
pulse  formation. 


Figure  6*33*  Transistor  blocking  oscillator. 

a  —  schematic;  b  -  voltage  time  diagrams* 

Veil-shaped  pulses,  a  steep  front*  large  load-carrying  capacity,  are 
all  advantages  of  this  circuit.  Instability  in  pulse  width  is  a  few  tenths 
Of  a  percent,  and  the  repetition  period  is  10  to  20%. 

A  several-fold  increase  in  the  stability  of  the  repetition  period  can 
be  obtained  by  using  a  circuit  with  an  emitter  capacitance  (fig.  6 -3^ •' - 
The  shortcoming  in  this  circuit  is  the  high  pulse  peak  cutoff.  Artificial 
chain  lines  are  used  to  increase  pulse  width  stability. 

Stabilization  of  pulse  time  parameters.  Pulse  excitation  circuits 
(fig.  6.35a)  are  often  used  to  increase  the  stability  of  the  repetition  period. 
The  circuit  oscillation*  are  added  to  the  voltage  across  condenser  C,  with  the 
result  that  the  time  at  which  the  tube  is  unblocked  can  be  stabilized  (fig* 
6.35b).  The  use  of  the  circuits  increases  the  stability  of  the  pulse  repetition 
period  by  a  factor  of  3  to  5.  Circuits  for  increasing  the  stability  of  multi¬ 
vibrator-type  oscillators  can  be  used  similarly. 
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Figure  8.34.  Blocking  oscillator  with  emitter  capacitance. 

a  -  schematic;  b  -  voltage  time  diagrams. 

♦  fa 


Figure  6.33.  Blocking  oscillator  stabilized  by  a  pulse  excitation 
circuit. 

a  -  schematic;  b  -  voltage  time  diagrams. 

In  artificial  chain  line  (fig.  6.36)  can  be  used  instead  of  capacitance 
C  to  stabilize  the  blocking  oscillator  pulse  width.  In  this  circuit  the 
pulse  width  can  be  calculated  by  the  artificial  line  parameters 

T  =  ZaVL  C  .  (6.21) 

p  V  c  c 

The  number  of  line  cells  is  usually  3  to  ?.  The  circuit  provides  Very 
good  pulse  stability  but  does  have  a  number  of  share copings,  including  a 
reduction  in  pulse  power  by  a  factor  of  1.5  to  2,  deterioration  in  pulse 
shape,  and  an  increase  in  the  front  length.  The  circuit  is  therefore  only 
used  when  the  requirements  with  respect  to  pulse  width  stability  are  rigid. 

The  artificial  line  is  seldom  used  to  stabilize  multivibrator  type  generators. 

Generator  synchronization  is  one  way  to  improve  the  stability  of 
pulse  time  parameters.  External  periodic  voltages  act  on  a  generator  operating 
in  the  automatic  oscillation  mode  when  synchronization  is  used.  Synchroniza¬ 
tion  involves  the  matching  (multiplicity)  of  the  repetition  frequency  of  the 


Figure  6*3u-  Blocking  oscillator  stabilized  by  an  artificial 
chain  line. 

a  -  schematic;  b  -  voltage  time  diagrams. 


pulses  from  the  generator  with  the  frequency  of  the  synchronizing  voltage. 

A  sine  voltage  and  short  pulses  are  most  often  used  as  the  synchronizing 
voltage. 

Figure  6.37a  shows  a  blocking  oscillator  in  the  synchronization  node. 

The  voltage  across  the  grid  is  the  sum  of  the  voltage  at  the  condenser  and 

the  synchronizing  voltage.  Generation  occurs  when  this  summed  voltage 

reaches  the  blocking  voltage  value  (fig.  6.37b'  .  Other  types  of  generators 

can  be  synchronized  in  a  similar  way. 

The  condition  for  synchronization  is  TA  >  I  ;  the  ratio  n  -  T  /T 

op  p  syn 

is  called  the  synchronization  oultipleness.  The  higher  this  latter  is, 
the  more  stable  synchronization  will  be.  Synchronization  is  widely  used  for 
time  matching  of  the  operation  of  pulsers,  frequency  dividers,  and  for 
the  stabilization  of  generators. 
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6-5  Generation  of  Sawtooth  Voltage  and  Currents 

The  sawtooth  voltage  is  used  to  obtain  the  time-base  sweep  in  cathode 
ray  tubes  with  electrostatic  deflection,  a  time  delay,  and  for  other  pur¬ 
poses-  Sawtooth  current  is  used  primarily  to  obtain  the  time-base  sweep 
in  tubes  with  electromagnetic  deflection  (see pcs,  television  devices,  and 
the  like). 

Sawtooth  Voltage  6 cr craters 

The  basis  for  obtaining  a  sawtooth  voltage  is  the  charging  (discharging) 
of  a  condenser.  In  the  simplest  circuit  (fig.  6.33a)  condenser  C  is  charged 
through  R^  while  the  tube  is  blocked,  but  discharges  quickly  through  the  tube 
when  the  tube  is  unblocked-  A  sawtooth  voltage  is  generated  across  the 
condenser  (fig.  6.33b). 


Figure  6*38.  A  simple  sawtooth  voltage  generator. 

a  -  schematic;  b  —  voltage  time  diagrams. 


The  most  important  parameters  of  the  sawtooth  voltage  are  the  duration 

of  the  operating  rate,  T  ,  the  average  velocity,  v  »  U  /T  ,  voltage  use 
o  av  n  o 

factor,  £  =  C ^/E^,  and  the  coefficient  cf  nonlinearity  c,  which  characterizes 
the  relative  change  in  the  rate  of  rise  (fall)  at  the  beginning  and  at  the 
end  of  the  sawtooth  voltage 


\  da 
dt 

Id 

da  j 
dt  1 

L_ 

■Oh 

1  do 
dt 

L 

(6.22) 


The  coefficient  of  nonlinearity  should  not  exceed  0.1  (10%)  in  the 
case  of  the  television  sweep,  0.02  to  0.03  (2  to  3%)  in  the  case  of  radar 
scopes,  and  0-00)  (0.1%)  in  the  case  of  accurate  time  delay.  In  the  simple 
generator  considered  c  =  §-  Consequently,  the  nonlinearity  is  very  high 
in  the  case  of  the  practically  desirable  use  of  the  source  of  supply  (§  ^  70 
to  80%)-  A  stage  such  as  this  can  be  used  in  devices  in  which  the  linearity 
requirement  is  low- 
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The  principal  method  used  to  obtain  a  linearly  changing  voltage  is  that 
of  charging  (discharging)  a  condenser  with  direct  current.  Current 
stabilizers  (pentodes,  transistors),  as  well  as  feedbacks,  are  used  for 
current  stabilization. 

Sawtooth  voltage  generator  with  current  stabilizer*  Figure  6.3 9a  shows 
a  circuit  with  a  current  stabilizing  pentode.  When  tube  is  blocked 
condenser  C  will  discharge  what  is,  for  all  practical  purposes,  direct 
current  through  the  pentode  because  the  pentode's  plait;  curves  have  but  a 
slight  slope.  A  linearly  falling  voltage  (fig,  6,39b)  is  generated  at  the 
output-  When  tube  is  unblocked  condenser  C  will  charge  from  source  E^, 

The  coefficient  of  nonlinearity  is  about  lK.  The  coefficient  of  non¬ 

linearity  can  be  reduced  by  using  feedback  to  the  pentode  and  a  supplemental 
source  of  supply.  The  circuit  can  'be  used  in  sweep  generators  in  certain 
types  of  oscillographs  in  combination  with  a  start-stop  multivibrator. 


Figure  6-39-  Sawtooth  voltage  generator  with  current  stabilizing 
pentode. 

a  -  schematic;  b  -  voltage  time  diagrams. 


Figure  6 -40 a  is  that  of  a  similar  circuit  with  a  current  stabilizing 
transistor-  Initially  both  transistors  are  unblocked  and  condenser  C  is 
charged  to  practically  the  source  voltage.  Upon  the  arrival  of  a  trigger 
pulse  transistor  T  is  blocked,  and  condenser  C  discharges  with  the  col¬ 
lector  current  of  transistor  X2-  Since  the  dependence  of  the  collector 
current  on  the  collector  voltage  is  slight,  the  condenser  will  discharge 
in  accordance  with  a  linear  law  (fig.  6.40b)»  The  minimum  coefficient  of 
nonlinearity  for  this  circuit  too  is  close  to  1%, 

There  is  a  significant  increase  in  the  coefficient  of  nonlinearity  when 
a  load  is  connected  to  the  condenser,  not  only  in  the  case  of  the  tube-type 
circuit,  but  in  the  case  of  the  transistorized  circuit  as  well.  Consequently, 
a  low-ohmic  load  must  be  connected  through  a  transformer  stage  (such  as  a 
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cathode  follower,  for  example)  .  Adjustment  of  the  rate  of  the  linear  voltage 

is  made  by  Changing  the  capacitance  C,  as  well  as  with  resistance  R^  (in 

the  tube  design)  and  R  (in  the  transistor  design)* 
e 


Figure  5.40*  Sawtooth  voltage  generator  with  current  stabilizing 
transistor. 

a  -  schematic;  b  -  voltage  time  diagrams. 

Sawtooth  voltage  generator  with  positive  feedback.  Condenser  C  will 
begin  to  charge  when  switching  tube  (fig.  6.4la)  is  blocked.  A  compensating 
voltage,  fed  into  the  charging  circuit  from  the  cathode  follower  output, 
is  used  for  current  stabilization.  Minimum  coefficient  of  nonlinearity  is 
about  1%.  Condenser  C  and  resistance  R  are  used  to  adjust  the  rate  of  rise 
in  the  voltage.  One  advantage  of  the  circuit  is  good  load  capacity  (the 
voltage  drops  -rith  the  output  of ‘the  cathode  follower).  The  circuit  is 
widely  used  in  the  range  sve^p  channel  of  radar  scopes. 

The  circuit  is  frequently  combined  with  a  trigger  circuit  (fig.  6.42). 

The  role  of  the  switching  tube  in  the  circuit  is  taken  by  the  grid-cathode 

section  of  tube  T^.  Initially  is  unblocked  and  is  blocked.  Feeding 

a  trigger  pulse  unblocks  T^,  causing  an  increase  in  the  voltage  across 

resistance  R^,  and  is  blocked.  Condenser  C  is  charged  through  the 

cathode  follower,  as  shown  in  Figure  6.41.  When  the  voltage  across  the  grid- 

cathode  section  of  tube  reaches  the  level  of  the  blocking  voltage  this 

tube  is  unblocked  and  is  blocked.  When  the  condensers  are  recharged 

the  circuit  returns  to  its  initial  state.  Change  in  R  and  C  results  in  a 

simultaneous  change  in  velocity  and  duration  of  the  operating  rate,  but 

amplitude  U  will  not  change,  and  this  is  an  advantage  of  the  circuit, 
o 

The  transistor  design  of  the  main  dir  ecu  it  is  similar  to  that  of  the 
tube  design  (fig.  6-43).  It  is  recommended  that  a  source  a  1.5  to  2  volts 
he  inserted  in  the  emitter  circuit  to  prevent  blocking  the  emitter  follower 
during  the  circuit  restoration  period,  and  thus  reduce  the  time  required  to  re¬ 
charge  condenser  C  .  .  The  minimum  coefficient  of  nonlinearity  equals  1  to 
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Figure  6-43*  Sawtooth  voltage  generator  with  transistorized 
positive  feedback. 

a  -  schematic;  b  -  voltage  time  diagrams. 

Sawtooth  voltage  generator  with  negative  feedback  (fig.  6.44a).  The 
tube  is  initially  Mocked  at  the  third  grid  by  negative  voltage  from  the  con¬ 
denser,  obtained  hy  using  a  clamping  circuit  (diode  D).  When  a  positive  pulse 
is  supplied  the  tube  is  unblocked  and  condenser  C  discharges  through  resistance 
R  and  the  tube-  The  discharge  current  and  linearisation  of  the  output 
voltage  (fig.  6.44b)  are  stabilized  by  the  feedback  from  the  tube  plate  into 
the  discharge  circuit.  The  chief  advantage  of  this  circuit  is  the  high 
linearity  (a  coefficient  of  nonlinearity  on  the  order  of  hundreds  of  a  per¬ 
cent  can  be  obtained).  This  is  vhy  the  circuit  is  often  used  in  devices  for 
precise  variable  delay.  Shortcomings  are  the  slow  rate  of  change  in  the 
voltage  and  the  relatively  long  restoration  time.  The  latter  of  these  can 
be  eliminated  by  making  the  circuit  somewhat  more  complicated  (by  using 
cathode  followers  and  clampers) .  »*  | 


6 

Figure  6.44.  Sawtooth  voltage  generator  with  negative  feedback, 
a  -  schematic;  b  -  voltage  time  diagrams. 
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The  circuit  considered  can  be  combined  with  a  trigger,  in  which  cose  one 
must  design  211  additional  positive  feedback;  loop.  These  devices  are  triggered 
by  short  pulses  ar.d  the  duration  of  the  operating  rate  is  fixed  by  circuit 
parameters. 

The  two~tube  circuit  (the  sanatron),  and  particularly  the  one-tube  cir¬ 
cuit  (the  phantastron),  are  in  use.  One  phantastron  design  is  shown  in 
Figure  6.45a-  The  cathode  follower  (tube  T^)  reduces  restoration  time. 

Tube  is  initially  blocked  by  the  suppressor  grid  and  unblocked  by  the  first 
grid.  The  tube  fires,  and  condenser  C  begins  to  discharge  upon  the  arrival 
of  a  negative  pulse.  The  discharge  process  is  linearized  by  the  negative  feed¬ 
back  supplied  the  discharge  circuit  from  the  plate  of  tube  T^  through  the 
cathode  follower,  T^.  When  the  voltage  across  the  plate  drops  to  the  magnitude 

U  ,  .  ,  at  which  the  plate  current  ceases  being  controlled  by  the  grid 

al  nun 

voltage,  the  action  of  the  negative  feedback  ceases,  tbe  voltage  across  the 
control  grid  increases  rapidly,  and  the  screen  grid  current  increases  corres¬ 
pondingly.  The  voltage  across  the  screen  grad,  and  the  suppressor  grids 


Figure  6.43-  Phantastron.  a  -  schematic;  b  -  voltage  tine  diagrams. 

associated  with  it,  decreases  and  the  tube  returns  to  the  original  condition 
in  a  jump,  after  which  condenser  C  will  charge  quite-  quickly  through  the 
cathode  follower.  Tbe  phantastron  is  used  primarily  as  a  time  delay 
device.  The  duration  of  the  operating  rate,  which  determines  the  magnitude 
of  the  delay,  can  be  regulated  by  resistance  R,  capacitance  C,  and  potentio¬ 
meter  Rg,  by  changing  the  original  voltage  across  the  anode  (fig.  6.45b). 
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Figure  6.46.  Sawtooth  voltage  generator  with  transistorized 
negative  feedback. 

a  -  schematic)  b  -  voltage  time  diagrams. 


Unitized  transistors  (two  transistors  connected  in  series) ,  replacing 
the  pentode,  are  usually  used  in  sawtooth  voltage  generators  with  negative 
feedback  (fig.  6.46).  The  operating  principle  of  this  circuit  is  similar 
to  that  of  the  tube  circuit i  tor  the  most  part.  The  sawtooth  voltage 
generator  can  be  built  with  one  transistor  if  the  trigger  circuit  is  made 
more  complicated. 

Transistorized  generators  of  this  type  provide  a  lower  order  of  linearity 
of  the  sawtooth  voltage  than  do  the  corresponding  tube  circuits  (the  e-in-imum 
coefficient  of  nonlinearity  has  a  magnitude  on  the  order  or  tenths  of  a 
percent ). 


Sawtooth  Current  Generators 

The  chief  purpose  of  sawtooth  current  generators  is  to  create  a  sawtooth 
current  in  the  deflection  coil  so  as  to  obtain  a  tine-base  sweep  in  cathode 
ray  tubes  of  radar  scopes,  in  television,  and  the  like.  A  trapezoidal  voltage 
(fig.  6. If)  must  be  supplied  in  order  to  obtain  a  linearly  changing  current 
in  the  deflection  coil.  Accordingly,  the  sawtooth  current  generator  consists 
of  a  trapezoidal  voltage  generator  and  an  output  stage  (a  current  amplifier). 

A  trapezoidal  voltage  generator  will  result  from  a  sawtooth  voltage  generator 
if  the  capacitance  is  replaced  by  an  RC  circuit  (fig.  6.47).  The  magnitude 
of  the  initial  jump  can  be  regulated  by  resistance  H.  Another  way  to  get  a 
trapezoidal  voltage  is  to  sum  the  sawtooth  voltage  and  the  square  pulse 
in  a  mixer. 

The  output  stages  are  current  amplifiers,  so  they  can  be  made  using 
power  tubes  (beam  tetrodes,  ordinarily),  or  power  transistors.  The  most 
widely  used  circuits  are  those  with  the  deflection  coil  connected  in  the 
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Figure  6.47*  An  HC  circuit  for  obtaining  a  trapezoidal  voltage- 


plate,  or  the  cathode,  circuit  of  the  tube  (fig.  6-48).  The  chief  advantage 
of  inserting  the  coil  in  the  plate  circuit  is  the  low  amplitude  of  the  input 
signal,  while " that  of  putting  the  coil  in  the  cathode  circuit  is  the  smaller 
amount  of  current  distortion-  If  slow  sweeps  are  used  the  coil  is  usually 
inserted  in  the  plate  circuit,  but  if  fast  sweeps  are  used  the  coil  will  be 
found  in  the  cathode  circuit. 


Figure  6.48.  Output  stages. 

a  -  with  the  deflection  coil  in  the  plate  circuit; 
b  -  with  the  deflection  coil  in  the  Cathode  circuit. 


Figure  6. 49*  Sawtooth  current  generator  with  negative  feedback. 
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Figure  6-50.  Transistorized  sawtooth  current  generator. 

Nonlinearity  in  the  curves  Tor  the  output  stages  of  the  tubes  introduces 
marked  distortions  in  the  shape  of  the  current*  Great  improvement  in 
linearity  can  result  from  inserting  an  output  stage  in  the  trapezoidal 
voltage  generator  feedback  circuit  (fig.  6.49).  In  this  circuit  the  positive 
feedback  for  linearization  of  the  trapezoidal  voltage  is  taken  off  the 
cathode  output  in  the  output  stage.  Amplifiers  arc  inserted  {tubes  T0  and 
T^)  to  increase  the  gain  in  the  feedback  circuit,  and  as  a  result,  the 
linearity.  This  circuit  will  yield  a  coefficient  of  nonlinearity  for  the 
current  on  the  order  of  tenths  of  a  percent. 

The  transistorized  sawtooth  current  generator  circuit  can  be  put  together 
in  a  manner  similar  to  that  used  in  the  corresponding  tube  designs.  However, 
there  are  difficulties,  the  result  of  the  low  input  resistance  of  the 
transistor,  so  in  practice  output  stages  are  combined  with  the  trapezoidal 
voltage  generator  (fig.  6-50)-  The  transistor  is  blocked  in  the  initial 
mode.  Delivery  of  an  input  pulse  unblocks  the  transistor,  and  a  current, 
increasing  linearly,  flows  through  the  coil.  Circuit  linearity  is  relatively 
low  (the  coefficient  of  nonlinearity  is  1  to  53M- 

6-6  Put  se  Control 

Pulse  Modulation  and  Demodulation 

Modulation  is  defined  as  the  change  in  one  of  the  pulse  parameters  in 
accordance  with  a  predetermined  law.  Modulation  can  take  place  with  respect 
to  amplitude,  width,  and  phase.  Demodulation  is  the  process  of  separating 
out  the  modulating  signal. 
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Pulse-amplitude  modulation-  A  simple  way  In  which  to  obtain  pulse-amplitude 
modulation  is  to  change  the  clipping  level  in  the  diode  clipper.  The  advan¬ 
tages  of  this  method  are  circuit  simplicity  and  linearity  in  the  modulation 
characteristic,  while  the  chief  shortcoming  is  low  sensitivity.  Pulse- 
amplitude  modulation  can  also  he  obtained  by  changing  the  gain  of  the  ampli¬ 
fier  in  accordance  with  the  modulation  low.  Pulse-amplitude  modulation  in  a 
sawtooth  voltage  generator  can  be  accomplished  by  changing  the  source  voltage, 

E  . 
a 

Peak  detectors  can  be  used  for  demodulation.  Bridge  circuits  yield  good 
results  (fig.  6.51a) .  The  control  voltage,  LF^,  is  an  unmodulated  pulse  with 
an  amplitude  in  excess  of  the  maximum  amplitude  of  the  modulated  pulses, 

U  (fig.  6.51b).  A  voltage  equal  to  the  control  pulses  in  amplitude  is  set 

JS 

up  in  the  autobias  circuit,  .  Upon  delivery  of  the  control  pulse  the 

diagonal  cd  in.  the  bridge  is  short-circuited  and  condenser  C  is  charged  front 

the  source  of  modulated  pulses  (or  is  dise!iarg*d  through  it  if  U  >  TJ  )* 

out  o 

If  there  is  no  control  voltage  all  the  diodes  are  blocked  by  tbe  voltage 
across  the  circuit,  and  the  voltage  across  the  output  remains  practically 

constant.  The  result  is  separation  of  the  envelope  of  modulated  pulses  st 
the  output  (fig.  6.51b). 


Figure  6.51.  Bridge  circuit  for  the  demodulation  of  pulse- 
asplltude  modulation. 

a  -  schematic;  b  -  voltage  time  diagrams. 

Width  modulation,  or  width-pulse  modulation.  Width-pulse  modulation  can 
be  obtained  by  changing  the  width  of  the  pulse  from  the  pulse  generator 
(trigger  circuits,  phantastron,  and  the  like).  Simple  width- pul  fie  modulation 
can  be  obtained  by  using  nonlinear  feedback  in  a  transistorized  blocking 
oscillator  (fig.  6*52).  Feedback  speeds  up  the  process  of  taking  the 
transistor  out  of  the  saturation  mode  and  reduces  tbe  width  of  the  pulse 
generated.  The  modulating  voltage  changes  the  moment  in  time  the  feedback 
is  cut  in,  and  consequently  controls  pulse  width. 
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Figure  6.52.  Blocking  oscillator  with  wi dth— pulse  modulation. 

a  -  schematic;  b  -  voltage  time  diagrams* 


Figure  6.53*  Schematic  of  the  conversion  of  width-pulse  modulation 
into  jxilse- amplitude  modulation. 

Width-pulse  modulation  demodulation  is  usually  done  by  making  a  pre¬ 
liminary  conversion  into  pulse- amplitude  modulation,  which  can  be  demodulated 
by  the  methods  described  above.  Conversion  of  width-pulse  modulation  into 
pulse-amplitude  modulation  can  be  done  by  using  a  generator  that  will  produce 
a  linearly  changing  voltage  (fig.  6.53)- 
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Figure  6-55-  Conversion  of  pulse-posit ion  modulation  into  width- 
pulse  modulation -using  a  trigger* 

a  -  schematic;  b  -  voltage  time  diagrams. 


Figure  6-56-  Conversion  of  pulse-position  modulation  into  pulse- 
amplitude  modulation. 

a  —  schematic;  b  —  voltage  time  diagrams;  A  -  sawtooth 
voltage  generator. 

Phase  modulation  —  pulse-position  modulation.  Pulse-position  modulation 
involves  changing  the  time  position  of  each  pulse  in  a  modulated  pulse  train 
with  respect  to  a  periodically  unmodulated  pulse  train.  Pulse- posit ion 
modulation  can  be  obtained  from  width- pulse  modulation  by  differentiation 
and  subsequent  clipping  (fig.  6.54)*  Preliminary  conversion  of  pulse- 
position  modulation  into  width-pulse  modulation,  or  into  pulse- amplitude 
modulation,  usually  oecura  during  demodulation.  A  trigger  can  be  used  to 
convert  pulse-position  modulation  into  width-pulse  modulation  (fig.  6-55) - 
A  device  consisting  of  a  sawtooth  voltage  generator,  switch,  and 
accumulator  (capacitance)  can  be  used  to  convert  pulse-position  modulation 
into  pulse-amplitude  modulation.  The  sawtooth  voltage  generator  can  be 
triggered  by  a  periodic  pulse  train,  with  switching  (connecting  the  accumulator 
to  the  sawtooth  voltage  generator)  done  hy  a  modulated  pulse  train.  This 
results  in  the  envelope  of  &x>dulated  voltage  (fig.  6.56)  being  separated  at 
the  accumulator. 
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Pulse  Selection 

Pulse  selection  is  understood  to  mean  the  separation  out  of  the  pulse 
train  of  just  those  pulses  that  differ  in  accordance  with  a  predetermined 
designation  (predetermined  amplitude,  width,  and  the  like).  Selection  can  be 
used  for  the  automatic  logging  of  coordinates  in  radar,  in  pulse  communica¬ 
tions,  in  television,  and  the  like. 

Amplitude  selection.  Any  of  the  following  clippers  can  be  used  to  select 
pulses,  the  amplitudes  of  which  exceed  a  definite  magnitude.  The  circuit 
shown  in  Figure  6.57a  can  be  used  to  select  pulses,  the  amplitudes  of  which 
are  less  than  a  specified  magnitude.  If  the  pulse  amplitude  is  greater  than 
a  specified  level,  the  pulse  expander  (the  start-stop  multivibrator)  is 
triggered  and  the  pulse  blocking  the  amplifier  is  produced.  Xf  the  amplitude 
of  the  input  pulse  is  less  than  the  specified  magnitude  the  expander  will  not 
function,  and  a  pulse  will  appear  at  the  amplifier  output  (fig.  6.57b). 

Width  selection.  A  simple  method  for  selecting  pulses  with  widths  in 
excess  of  a  specified  magnitude  is  the  use  of  a  sawtooth  voltage  generator 
with  subsequent  clipping  (fig.  6.5$).  Used  for  this  purpose  is  a  circuit 
with  an  artificial  chain  line  (fig.  6.59a) ,  the  advantage  of  which  is  high 
stability.  If  the  input  pulse  exceeds  twice  the  width  of  the  artificial 
chain  line  delay,  there  is  addition  of  the  input  pulse  to  the  pulse  reflected 
from  the  end  of  the  line  at  the  load,  and  a  pulse  will  appear  at  the  clipper 
(tube  T^)  output  (fig.  6.59b).  If  the  width  of  the  pulse  is  less  than 
twice  the  width  of  the  artificial  chain  line  delay,  there  will  be  no  addition, 
and  there  will  be  no  pulse  at  the  output. 


b  6 


Figure  6.57.  Amplitude  selector. 

a  -  block  schematic;  b  -  voltage  time  diagrams. 

A  -  bottom  clipper;  B  -  pulse  expander;  C  -  amplifier. 
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Figure  6.56.  Width  selection  using  a  sawtooth  voltage  g  v-erator. 

a  —  block  schematic;  b  -  voltage  time  diagrams; 

A  -  sawtooth  voltage  generator;  B  -  bottom  clipper* 

If  it  is  necessary  to  select  a  pulse  with  a  width  less  than  a  specified 
magnitude,  the  selection  of  a  pulse  with  a  width  in  excess  of  this  magnitude 
as  reviewed  above,  and  a  blocked  amplifier,  can  be  used.  The  functional 
construction  of  the  circuit  and  its  operation  are  similar  to  the  circuit 
shown  in  Figure  6-57. 

Time  selection.  In  time  selection  those  of  the  input  pulses  coinciding 
in  tine  with  the  gate  pulse  are  separated.  Two  methods  are  used  in  time 
selection.  The  first  involves  adding  the  input  and  gate  pulses,  and  then 
clipping  (fig.  6.60} .  The  second  method  is  based  on  the  use  of  coincidence 
gate  circuits  (the  "P"  circuits)  described  in  what  follows. 


Figure  6.59-  Width  selection  using  an  artificial  chain  line. 

a  -  schematic;  b  -  voltage  time  diagrams. 


Figure  0.6 0-  Time  selection. 


schematic?  b  -  voltage  time  diagrams. 
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Figure  6.61-  Block  schematic  of  pulse  repetition  frequency  selection 
A  -  delay  circuits;  B  -  tine  selector. 


Repetition  frequency  selection.  A  circuit  with  a  delay,  =>  T^,  and 

a  time  selector  (fig.  5.61)  can  be  used  to  separate  those  pulses  with  a 

predetermined  repetition  frequency,  F  »  l/T  .  froo  a  pulse  train. 

P  P 

Comparators  (Amplitude  Comparators) 

These  devices  are  used  to  bring  about  a  drop  in  voltage  (current)  at 
the  nonent  in  tine  the  input  voltage  and  the  reference  voltage  (constant, 
or  changing  slowly)  are  equal.  The  chief  use  of  comparators  is  to  obtain 
a  tine  delay.  Clipping  amplifier  circuits,  or  an  unsyametrical  trioger 
(fig.  6-28),  can  be  used  as  comparators. 


Figure  6.62.  Regenerative  diode  comparator. 

a  -  schematic;  b  -  -voltage  time  diagrams 
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Great  steepness  in  the  drop  at  the  moment  the  comparison  is  made  is  pro¬ 
vided  by  a  regenerative  diode  comparator  (fig*  6-62).  Prior  to  the  moment  the 
comparison  is  made,  diode  is  blocked  and  the  feedback  circuit  is  open. 

At  the  moment  the  comparison  is  made  between  the  input  voltage  and  the 
reference  voltage,  U^,  the  diode  is  unblocked,  the  feedback  circuit  is  closed 
and  a  jump,  like  the  one  in  a  conventional  blocking  oscillator,  takes  place 
in  the  circuit* 


Time  Delay  Devices 

Time  delay  devices  are  used  for  time  selection,  pulse  measurements, 
matching  the  operation  of  pulse  devices,  separating  channels  in  the  case  of 
pulse  communications,  and  the  like.  Delay  lines,  electronic  delay  circuits, 
and  phase  shifters,  can  be  used  for  time  delay. 

Delay  lines  can  be  divided  up  into  electrical  and  ultrasonic*  Artificial 
chain  lines  (fig*  6*9)  are  used,  for  the  most  part,  as  electrical  delay 
lines.  Delay  duration  is 

r  -  nyrr.  (6.23) 

d  *  c  c 

Artificial  chain  lines  are  used  primarily  to  cause  no  more  than  a  10 
to  20  microsecond  delay.  Lines  are  cumbersome  in  the  case  of  long  time 
delays.  Lines  with  distributed  parameters  (simple  cables  and  cables  with 
spiral  windings)  can  be  used  to  obtain  very  small  delays  (tenths  of  a  micro¬ 
second). 
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Figure  6*63*  Piezoelectric  delay  line. 

1  -  modulator;  2  -  generator;  3  -  transmitting  quartz 
plate;  4  -  acoustic  line;  5  -  receiving  quartz  plate; 
6  -  detector  amplifier;  7  -  shaper. 


Ultrasonic  lines  are  used  to  obtain  longer  delays  (hundreds  and  thousands 

of  microseconds).  Their  action  is  based  on  converting  an  electrical  signal 

into  a  sound  oscillation  for  an  acoustic  line*  In  ultrasonic  lines  with 

piezoelectric  converters  the  conversion  is  made  by  a  quartz  plate  (fig. 

6*63).  Mercury  (t^  =  6-7  ms/cm;  attenuation  5  =  O.OS3  db/cm),  fused  quartz 

(t  «  1.8  ms/cm;  5  =  0-007  db/cm),  and  magnesium  alloys  (t  *  1.7  ms/cm; 
s  s 

fi  =  0*01  to  0.2  db/cm)  are  all  used  as  acoustic  lines. 

Acoustic  lines  with  multiple  reflections  (fig.  6*64)  are  used  to  increase 


the  delay. 
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Figure  6.64.  Piezoelectric  delay  line  with  multiple  reflections. 


The  magnetostriction  phenomenon  (the  change  in  the  dimensions  of  ferro¬ 
magnetic  bodies  when  acted  upon  by  a  magnetic  field)  is  used  in  ultrasonic 
magnetostriction  delay  lines  (fig-  6-65)-  A  thin  nickel  wire  (a  few  tenths 
of  a  millimeter  in  diameter,  =  2  ms/ cm ,  fi  *  0.2  to  0.3  db/cm)  is  usually 
used  as  the  acoustic  line.  Permanent  magnetic  fields  are  Created  at  the  trans¬ 
mitting  and  receiving  ends  in  order  to  increase  conversion  effectiveness. 
Different  time  delays  can  be  obtained  by  installing  a  few  receiving  coils 
along  the  line. 

Electronic  delay  circuits  make  it  possible  to  obtain  a  delay  from  a  few 
microseconds  to  several  seconds-  The  advantages  of  these  circuits  include 
simplicity  and  the  possibility  of  adjusting  the  delay  over  broad  limits. 

Low  stability,  compared  with  delay  lines,  is  a  shortcoming*  The  amplitude 
comparator  with  an  input  voltage  changing  in  accordance  with,  a  linear  lav 
can  be  used  as  tbe  electronic  delay  circuit.  The  time  delay  is  adjusted  by 
changing  tbe  comparison  level.  The  time  instability  of  these  circuits  ir 
C  *  A*  and  can  be  reduced  to  0.1  to  0-05%. 


Figure  6-65-  Magnetostriction  delay  line. 

1  -  acoustic  line;  2  -  transmitting  coil;  3  “  receiving 
coils;  4  -  permanent  magnets;  5  -  sound  absorbers. 


Time  delay  can  also  be  obtained  by  using  trigger  circuits  (fig.  6.22) 
and  a  phantastron  (fig.  6.45).  The  output  pulse  from  these  circuits  is 
differentiated  for  this  purpose.  The  pulse  obtained  as  a  result  of  differentia¬ 
tion  of  the  cut  will  be  delayed  relative  to  the  input  by  the  magnitude  t  s  t 

a  p 

(fig.  6-66).  Regulation  of  tile  3ulse  width  results  in  changing  the  delay- 
tine.  Instability  of  the  delay  froo  a  trigger  circuit  is  a  -  1  to  5&; 
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Figure  6.66.  Obtaining  time  delay  with  a  trigger  circuit. 

a  -  block  schematic;  b  -  voltage  time  diagrams;  A  - 
trigger  circuit;  B  -  differentiating  circuit;  C  - 
bottom  clipper.  *-*'* 


0  b 

Figure  6- 67-  Time  delay  with  amplitude  comparators. 

a  -  block  schematic;  b  -  voltage  time  diagrams;  A  -  sine 
oscillation,  generator;  B  -  amplitude  comparator;  C  - 
phase  shifter. 

from  the  phantastron  u  =  0.1  to  1%.  A  high  degree  of  stability  and  good 
linearity  of  delay  adjustment  are  basic  principles  of  widespread  use  of  the 
phantastron  as  a  time  delay  circuit. 

Time  delay  using  phase  shifters  provide  variable  delay  with  a  high  degree 
of  stability  Co  =  0*01  to  0.001%).  The  delay  principle  is  based  on  a  phase 
shift  in  the  sine  voltage  relative  to  the  original  voltage,  with  subsequent 
conversion  of  the,  sine  voltage  into  a  pulse,  by  amplitude  comparators 
(fig.  6.67)-  The  simplest  type  of  phase  shifter  that  can  be  used  is  a  bridge 
circuit  (fig.  6.68).  Resistance  R  can  be  used  to  change  the  phase  between 
20°  and  l60*.  Turning  the  rotor  of  an  induction  phase  shifter  (sclsyn  trans¬ 
former)  results  in  changing  the  phase  360®.  The  capacitance  phase  shifter 
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(fig.  6.69)  has  the  greatest  stability  ic  «  0.0055$) .  Sine  voltages  shifted 
90°  are  l'ed  to  the  fixed  sectors.  The  phase  of  the  output  voltage  can  be 
changed  over  3  60®  by  turning  the  rotor  fro  pa  the  dielectric- 


Figure  6.68.  Bridge-type  phase  shifter. 
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Figure  6-69.  Capacitance  phase  shifter. 


Pulse-Rate  Division 

Pulyc-r&te  division  can  be  used  to  match  the  operation  of  pulsers,  for 
obtaining  scale  narkers,  for  measuring  time  intervals,  and  the  like.  Most 
often  used  as  dividers  are  synchronized  generators,  circuits  with  stable 
equilibrium  states  (triggers),  and  circuits  with  stepped  energy  accumulation. 

Synchronized  generators  are  dividers  with  synchronization  wiltipleness 
of  n  >  1  (fig.  6.37). 

The  higher  the  synchronisation  aa-ltipleness  (that  is,  the  larger  the 
divider* s  division  factor)  the  lower  the  stability  of  the  division  factor. 
Practically  speaking,  a  stable  division  faetor  in  the  case  of  synchroni ration 
does  not  exceed  5  to  7.  When  stabilizing  devices  are  used  (delay  lines, 
impact  excitation  circuits)  this  magnitude  can  be  increased  to  8  to  10. 

Dividers  based  on  generators  in  the  start-stop  mode  belong  to  this  class, 
and  in  this  case  trigger  pulses  with  a  repetition  period  that  is  shorter  than 
the  length  of  the  generated  pulse  are  fed  into  the  generator  (such  as  the 
trigger  circuit  in  fig.  6.22,  for  example),  end  circuit  operation  does  not 
occur  with  each  trigger  pulse.  After  differentiation  there  are  pulses  at  the 
output  with  a  lower  repetition  rate.  These  dividers  provide  a  stable 
division  factor,  equal  to  10  to  15.  The  advantage  of  these  over  synchronized 
generators  is  that  when  there  are  no  trigger  pulses  there  are  no  output 
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pulses.  Indicating  equipment  fault.  The  generators  continue  to  generate,  al¬ 
though  synchronization  is  upset. 

A  general  shortcoming  of  this  class  of  dividers  is  the  change  that 
takes  place  in  the  division  factor  with  change  in  pulse  synchronization 
frequency. 

Counter  triggering  is  used  for  trigger  type  pulse-rate  division.  The 
division  factor  equals  two.  The  advantages  of  this  divider  are  stability  of 
circuit  operation  and  independence  of  the  division  factor  fro*  the  repetition 
rate  of  the  triggering  pulses-  A  shortcoming  is  the  high  value  of  the  division 
factor - 

Dividers  with  energy  accumulators -use  stepped  charging  of  the  capacitance 
Cf ig.  6-70aJ .  Originally  the  blocking  oscillator  tube  is  blocked  by 
voltage  U_.  Upon  arrival  of  a  triggering  pulse  the  accumulator  condenser, 

C,  will  charge  and  when  the  jwlse  ends  will  not,  practically  speaking,  dis¬ 
charge.  Condenser  voltage,  and  consequently  the  voltage  across  the  grid  of 
the  tube,  will  increase  with  the  arrival  of  each  pulse  (fig.  6 -70b) .  A 
jump  will  occur  in  the  blocking  oscillator  when  the  grid-cathode  voltage 
reaches  the  blanking  voltage.  At  the  same  time  a  short  pulse  is  formed  at 
the  output,  the  accumulator  condenser  will  discharge  the  grid  currents  and 
the  circuit  will  return  to  its  original  state.  The  stable  division  factor 
ior  the  circuit  equals  6  to  5.  The  advantage  of  the  circuit  is  that  the 
division  factor  is  practically  independent  of  input  pulse  rate;  a  short- 
cooing  is  the  sensitivity  to  changes  in  the  parameters  of  the  trigger  pulses 
and  supply  voltages— 


Figure  6.70.  Divider  with  energy  accumulator. 

a  -  schematic;  b  -  voltage  time  diagrams. 
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Figure  6-71-  NO  logic  elements. 

a  -  diode  transformer j  b  -  electron  tube*  c  -  transistor. 

Deci&ion  Elements 

Decision  elements  are  widely  used  in  electronic  computers,  in  devices 
used  for  non-contact  switching,  and  the  like-  They  are  gate  circuits  with 
several  inputs  and  one  output  and  make  decisions-  The  signals  at  the  input 
and  output  of  gate  circuits  can  have  two  values,  so  they  are  coded  in  a 
binary  counting  system  with  the  numbers  0  and  1-  Logic  circuits  can  be 
divided  into  potential  (signals  at  the  input  and  output  are  potentials), 
pulse  (signals  at  the  input  and  output  are  pulses),  and  potential-pulse. 

The  basic  operations  carried  out  by  decision  elements  are  NOT,  OR,  and 
AND.  Any  complex  logic  operation  can  be  carried  out  on  the  basis  of  these 
operations  . 

The  NOT  decision  element  (inverter)  realizes  the  operation  of  negation. 

In  the  case  of  the  potential  element  there  should  be  a  low  potential  at  the 
output  when  there  is  a  high  input  potential,  and  in  the  case  of  the  pulse 
element  the  output  polarity  will  be  opposite  to  that  of  the  input  polarity. 

The  diode  transformer  circuit  (fig.  6.71a)  can  use  tbe  coils  hooked  up  to 
buck  each  other,  while  the  tube  and  transistor  circuits  (figs.  6.71b  and 
c;  use  rhe  inverting  properties  of  these  devices.  The  diode  transformer  cir¬ 
cuit  is  only  a  pulse  logic  element.  The  tube  and  transistor  circuits 
can  be  used  as  potential  or  pulse  elements. 

The  OR  decision  element  (combining  circuit)  has  two  and  more  inputs  and 
one  output.  There  should  be  a  signal  at  the  output  when  a  pulse  is  fed 
into  any  input-  The  diode  rheostat  (fig-  6.72a),  diode  transformer  (fig-  6.72b), 
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■tube  and  transistor  circuits  (fig-  6-7ac  and  d)  work  on  a  common  load.  A 
signal  fed  into  any  input  results  in  a  signal  at  the  common  output.  In  the 
ferrite  diode  element  OR  (fig-  6.72e)  the  amplitudes  of  the  input  pulses  are 
selected  such  that  each  of  them  magnetizes  the  core,  that  is,  any  of  them 
logs  the  information  about  the  signal-  The  information  is  logged  at  the  out¬ 
put  hy  a  clock  pulse-  The  tunnel  diode  OR  decision  element  is  a  trigger  with 
several  inputs.  In  the  OR  circuit  the  amplitudes  of  the  input  signals  are 
selected  with  a  magnitude  such  that  each  will  individually  cause  the  trigger 
to  change  over  to  a  state  with  a  High  output  potential. 

The  ACT  decision  element  (coincidence  circuit)  has  two  and  more  inputs 
and  one  output.  There  will  only  he  &  signal  at  the  output  when  there  is  a 
simultaneous  delivery  of  pulses  to  all  inputs-  In  the  diode  rheostat  circuit 
(fig.  6.73a)  the  entire  diode  will  he  blocked  only  when  pulses  are  delivered 
to  all  inputs,  and  a  high  potential  will  appear  at  the  output.  If  conditions 
are  otherwise.  Just  one  of  the  diodes  will  be  unblocked  and  there  will  he  a  low 
potential  at  the  output-  In  the  transformer  circuit  (fig-  6-73b)  the  amplitudes 
of  the  input  pulses  are  smaller  than  the  source  voltage  F,  and  their  sunsned 
amplitude  is  larger  than  E-  If  one  of  the  pulses  is  missing  the  diode*  is 
blocked,  no  current  will  flow  in  the  primary  winding,  so  there  will  he  no 
pulse  at  the  output.  Simultaneous  delivery  of  pulses  unblocks  the  diode  and 
there  is  a  pulse  at  the  output. 


Figure  6-72.-  OR  decision  elements,  'a  -  diode  rheostat;  b  -  diode 
transformer;  c  -  electros  tubes;  d  w  transistors; 
e  -  ferrite  diode;  f  -  tunnel  diode- 
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Figure  6.73-  AND  decision  elvnent.  a  —  diode  rtcostat;  b  —  diode 

transformer;  c  —  pentode;  d  -  triodea;  e  -  translate rs- 

The  tube  in  the  pentode  circuit  (fig.  6.73c)  is  only  unblocked  upon 
simultaneous  delivery  of  pulses  to  the  firat  and  third  grids. 

The  triode  and  transistor  circuits  (figs.  6.73d  and  e)  have  the  triodes 
(transistors)  unblocked  in  the  original  mode.  Only  upon  simultaneous  blocking 
of  all  tubes  (transistors)  will  there  be  a  jails  e  at  the  output. 

The  AND  decision  elements  using  ferrites  and  tunnel  aiodes  are  no  different 
than  the  OR  elements  (figs.  6.72e  and  f ) ,  but  the  amplitudes  of  the  input 
signals  are  selected  such  that  the  polarity  reversal  of  the  ferrite  core  (or 
the  flip-flop  of  the  tunnel  diode)  occurs  only  upon  the  simultaneous  delivery 
of  pulses  to  all  inputs. 

New  goto  decision  olements,  paTemotronsj  and  elements  based  On  the 
phenomenon  of  superconductivity,  have  recently  begun  to  be  introduced. 

Parametrons  are  circuits  in  which 'oscillation  with  phases  displaced 
l3o°  (rr)  i  occur  with  a  periodic  change  in  inductance  (or  capacitance)  and 
the  phase  of  the  oscillation  depends  on  the  initial  oscillations  (signals) 
of  small  amplitudes  Oscillations  with  zero  phase  are  taken  for  the  signal 
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**0”  and  those  with  phase  77  for  the  signal  for  "*ln  The  advantage  of  these 
circuits  are  reliability,  high  speed  operation,  and  noise  stability,  while 
the  shortcoming  is  the  need  for  powerful  modulated  sources  of  high  frequency 
oscillations. 

In  the  gate  elements  based  on  the  phenomenon  of  superconductivity  (the 
cryotron,  the  persistor)  the  state  of  normal  conductivity  is  taken  for  the 
signal  "0,T  and  the  state  of  superconductivity  for  the  signal  "l”.  The 
elements  are  switched  from  one  state  to  the  other  by  a  magnetic  field  created 
by  the  current  flowing  through  them.  The  advantages  of  these  elements  include 
reliability,  efficiency,  small  size,  while  shortcomings  include  slow  operating 
speed,  and  the  need  for  deep  cooling  in  the  installations  (on  the  order  of 
units  of  degrees,  absolute). 
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Chapter  VII 

Radio  Transmitting  Devices 

7. 1  Classification  of  Radar  Sending  Devices 

Radar  transmitters,  depending  on  their  operating  range,  ax's  divided  into 
meter,  decimeter,  centimeter,  and  millimeter  transmitters. 

Contemporary  radar  transmitters  operate  on  pulses.  According  to  modula¬ 
tion,  distinctions  are  made  among  i*Jlse,  pulse- frequency,  and  pulse- 
position  transmitters. 

Depending  on  the  construction  of  the  generating  stage,  transmitters  may 
be  single  stage  os'  multistage. 

Single  stage  generators  operate  in  self-oscillating  modes. 

Multistage  generators  operate  in  amplifying  modes  with  constant  {external) 
excitation. 

Transmitters  are  also  classified  by  the  generating  element  in  the  output 
stage.  Accordingly,  transmitters  are  divided  into: 
tube; 

magnetron; 

klystron; 

platinotron,  etc. 

A  block  diagram  of  a  single  stage  pulse  transmitter  is  shown  in  Figure  7.1- 
Aoong  the  possibilities  for  SHF  generators  in  this  circuit  are-  triode  genera¬ 
tors,  magnetrons,  backward  wave  tubes,  stabilitrens,  and  other  generating 
devices. 

1 


Figure  7*1-  Block  diagram  of  a  single  stage  pulse  transmitter. 

1  -  from  synchroniser;  2  -  driver;  3  -  pulse  modulator; 

4  -  SHF  generator;  5  -  to  antenna  feeder;  6  -  control, 
interlock,  and  signaling  circuits;  7  -  supply  source; 

8  -  from  net  (supply  unit). 

High  frequency  oscillations  from  the  SHF  generator  are  led  through  a 
feeder  to  the  antenna* 

The  SHF  generator  is  controlled  by  a  pulse  modulator. 

A  high-voltage  rectifier  is  usually  used  for  the  supply  source  of  the 

transmitter. 
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The  pulse  modulutor  is  triggered  by  a  driver* 

Transmitter  and  indicator  operation  is  synchronized  by  a  common 
synchronizer. 

The  fundamental  stages  of  all  units  of  a  radar  device  include  circuits 
for  control,  interlocking,  and  signaling* 

A  multistage  radar  device  is  constructed  as  shown  in  the  block  diagram 
in  Figure  7-2- 


1  DJjfydi'jried*’  ■ 


Figure  7*2.  Block  diagram  of  a  multistage  pulse  transmitter. 

I  -  exciter;  2  -  caster  oscillator;  3  -  power  amplification; 

4  -  frequency  multiplication;  5  -  SHF  generator;  6  -  to 

antenna  feeder;  7  -  pulse  modulators;  8  -  from  synchronizer; 

9  —  driver;  10  —  control,  interlock  and  signaling  circuits; 

II  -  supply  source. 

The  output  SHF  oscillator,  fundamental  pulse  modulator,  supply  source, 
and  control,  interlocking  and  signaling  circuits  in  this  transmitter  are 
named  analogously  to  the  corresponding  units  of  a  single  stage  pulse  trans¬ 
mitter  and  may  be  distinguished  only  by  electrical  and  technical  data. 

The  output  oscillator  of  a  multistage  transmitter  operates  in  an 
amplifying  mode,  and  consequently,  is  excited  by  a  constant  source  of  SHF 
oscillations-  In  the  given  case,  the  exciter  contains  a  master  oscillator, 
stages  for  frequency  multiplication  and  power  amplification.  These  Stages 
may  operate  continuously  or  pulsed-  In  the  latter  case,  pulse  modulation 
is  effected  in  certain  multiplication  and  amplification  stages  by  pulse 
modulators,  included  in  the  exciter. 

In  the  output  oscillator,  triodes,  klystrons,  am  pi  it  runs,  backward 
wave  tubes,  and  other  amplifying  devices  are  used.  The  same  types  of  devices, 
but  lower  in  power,  are  used  in  the  amplifying  and  multiplying  stages  of 
the  exciter. 

Triodes,  stabilitrorvs,  end  other  generating  devices  are  used  in  the 
master  oscillators,  which  are  SHF  sclf-oscillators  of  low  power  with  high 
frequency  stabilization. 

The  pulse  modulators  may  be  triggered  by  various  drivers  or  by  one  driver. 
Sequential  pulse  modulators  may  also  be  triggered  by  the  preceding  pulse 
modulators. 
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7--  SHF  Triode  Oscillators 

SHF  triode  oscillators  Are  widely  used  in  the  meter  end  decimeter  ranges 
of  radio  waves. 

SHF  oscillators  are  most  often  constructed  with  &  CO  noon  grid  (fig.  7«3). 
Tube  1  with  coaxial  anode  grid  2  and  grid-cathode  resonators  forms  a  closed 
oscillations  syste&a.  The  oscillator  is  tuned  by  changing  the  length  of  the 
anode-grid  resonator  using  plunger  4.  Feedback  factor  is  regulated,  and  con¬ 
sequently  its  operating  mode  is  accompli shed  by  changing  the  position  of 
plunger  5  in  the  grid-cathode  cavity.  Naturally,  shifting  plunger  5  changes 
somewhat  the  operating  frequency  of  the  self-oscillator. 


Figure  7-3-  Schematic  of  a  triode  SHF  generator* 

*1  -  tube;  2  -  anode-grid  cavity?  3  •  grid-cathode  cavity? 
4  and  5  -  tuning  plungers;  6  -  high  frequency  output; 

7  —  capacitive  stub;  6  -  dividing  capacitors- 


Energy  of  the  SHF  oscillations  is  transmitted  from  the  oscillator  to 
the  antenna  through  high  frequency  output  6. 

Feedback  between  anode-grid  and  Cathode  grid  resonators  is  effected  by 
interelectrode  capacitance  of  the  tube.  Inductive  or  capacitive  elements 
are  often  used  for  its  amplification- 

In  the  oscillator  under  discussion,  capacitive  stub  7  with  a  small  disk 
at  the  end  is  used  for  this  purpose. 
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The  outer  cylinder  of  the  oscillating  system  is  usually  grounded*  In 
such  a  case,  there  should  be  a  separating  capacitor  (which  is  shown  in 
fig.  7.3  as  a  dielectric  pacer)  between  this  cylinder  and  the  anode  of  the 
tube. 


Anode  voltage  -rE^  is  sually  supplied  to  the  tube  radiator,  structurally 
joined  to  its  anode. 

The  tube  is  heated  by  ac  voltage  ^0'^* 

The  grid  is  hiased  automatically  with  resistor  R  .  Capacitive  plunger  5 

9 

is  used  as  a  separ±ing  capacitance  in  the  grid  circuit* 

In  the  pulsed  mode  in  the  meter  range,  power  of  SHF  triode  oscillators 
may  reach  several  megawatts. 

Efficiency  of  triode  oscillators  is  comparatively  low;  up  to  50#  at 
wave  lengths  longer  than  30  cm  and  lower  at  shorter  wave  lengths. 

Frequency  stability  of  tube  SHF  oscillators  is  high. 

Data  on  SHF  triode  pulse  oscillators  is  presented  in  Table  7.1. 

Table  7*1 


Basic  data  on  pulse  triode  .SHF  generators 
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Key:  1  -  parameter;  2  -  tube  typo;  3  -  GI-4A;  4  -  GI-5B;  5  -  GI— 

6  -  Cl -7li;  7  “  GI— 1411;  13  -  Gl-igilj  *)  -  GI-24A;  lO  -  hooter  voltage,  V; 
11  -  heater  current.  A;  12  -  anode  voltage  kv;  13  -  anode  current.  A; 
14  -  anode  reduction  voltage,  kv;  15  -  tube  transconduct&nce,  mA/V; 

16  -  slope  of  the  critical  mode  lines,  mA/V;  17  -  permeability,  %; 

18  -  oscillating  power,  kw;  19  -  dissipated  power  on  the  anode;  kv; 

20  -  dissipated  power  on  the  grid,  v;  21  -  ^dmim  frequency,  MHz; 

23  -  maximum  pulse  length,  microseconds;  23  -  interelectrode 
capacitance,  pf* 
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7-3  Tetrode  SHT  Oscillators 

In  the  lower  part  of  the  Deter  range  and  In  the  decimeter  range  o t  waves, 
tetrode  oscillators  are  frequency  used-  They  operate  in  a  continuous  mode 
and  have  large  power  output. 

Tetrode  oscillators  use  a  cooaon  grid  circuit.  Ray  tetrodes  are  often 
used.  The  second  (screwing)  grid  is  connected  by  direct  current  to  the  anode, 
which  produces  great  acceleration  of  the  electrons  in.  the  region  between  the 
grids.  This  shortens  the  transit  time  of  the  electrons  from  the  second  grid 
to  the  anode,  increases  electronic  efficiency,  and  consequently  the  overall 
efficiency  of  the  oscillator.  Tetrode  oscillators  have  higher  efficiency 
than  xriode  oscillators. 

Tetrode  oscillators  with  all-metal  ray  tetrodes*  the  electrodes  of 
which  constitute  part  of  a  closed  resonator,  and  oscillators  as  a  whole, 
are  a  vacuum  system,  called  resaatrons- 

A  diagram  of  a  resnatron  is  shown  in  Figure  7.4.  Its  electronic 
system  is  a  -dual  tetrode. 


Figure  7-4-  Diagram  of  a  resnatron. 

1  -  cathodes j  2  -  control  grids;  3  "  screen  grid; 

,t  4  -  anodes;  5.  -  anode-grid  resonator;  6  -  tuning 

plunger;  7  -  cathode-grid  resonator;  8  -  capacitive  stub; 

9  -  fine  tuning  element. 

Cape  citive  feedback  is  accomplished  with  stub  8.  Grid— cathoce  resonator 
has  a  capacitive  fine  tuning  9-  Retuning  is  done  with  plunger  6,  shortening 
the  anode-grid  resonator. 

Power  from  resonators  in  the  decimeter  range  reaches  60  1 a*  -with  40-60% 
efficiency  in  the  continuous  mode-  The  retuning  range  is  about  20%. 

7.4  Magnetrons 

A  multi  resonator  magnetron  is  an  effective  generating  device  in  the 
decimeter  and  centimeter  ranges. 

A  aultiresonator  magnetron  (fig.  7-5)  consists  of  a  heated  oxide  cathode  1 T 
anode  block  2  with  straps  3  end  output  4  for  high  frequency  energy  output. 
Tunable  magnetrons  also  have  a  tuning  device.  The  space  between  cathode  and 
anode  block  is  called  the  interaction  space. 
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Figure  7-5-  Design  of  a  magnetron. 

1  -  cathode?  2  -  anode  block  with  resonators;  3  “  straps; 

4  -  output  device;  5  -  Resonator;  6  -  slot;  7  -  heater 
outputs. 

Electron  control  in  a  magnetron  is  accomplished  by  the  action  of  con¬ 
stant  electric  and  magnetic  fields  on  an  electron  stream.  These  fields  act 
in  mutually  perpendicular  planes  (crossed  fields).  The  electric  field  is 
directed  radially  from  the  anode  unit  to  the  cathode.  The  magnetic  field, 
evenly  distributed  over  the  interaction  space,  is  directed  along  the  cathode. 

The  high  frequency  field  of  the  resonators  also  takes  part  in  con¬ 
trolling  the  electron  flow.  Electron  flow  in  a  generating  magnetron  is 
"spoke- shaped"  fig,  7*6)  and  rotates  in  the  interaction  space.  At  the  ends 
of  the  "spokes, n  electrons  move  in  complex  epicycloids. 


Figure  7-6.  Rotating  electron  stream  in  a  generating  magnetron. 


AA-015-68 


250 


Moving  electrons,  acquiring  kinetic  energy  from  the  pulse  modulator, 
interact  with  the  high  frequency  electric  field  of  the  resonators  and  supple¬ 
ment  the  energy  of  the  field* 

The  degree  of  interaction  of  the  electrons  with  the  high  frequency 
field,  and  consequently  the  energy  which  they  give  it,  depend  both  on  the 
amount  of  electrical  voltage  between  anode  and  cathode  and  on  the  potential 
of  the  magnetic  field,  fhe  high  frequency  field  of  the  resonators  in  turn 
improves  the  conditions  for  energy  transfer  by  the  electrons  to  this  field, 
grouping  electrons  around  those  resonators  which  most  effectively  interact 
with  the  resonator  field* 

The  circuit  of  a  magnetron  generator  is  shown  in  Figure  7* 7a-  The  anode 
unit  is  the  magnetron  casing,  and  is  grounded,  as  a  rule.  High  voltage 
rectangular  pulses  with  negative  polarity  are  applied  from  the  pulse  modulator 
to  the  magnetron  cathode. 

The  magnetic  field  is  created  by  an  external  permanent  magnet." 


Figure  7*7*  Schematic  diagrams  of  a  magnetron  oscillator* 

a  —  high  voltage  applied  direct jy;  b  -  high 
voltage  applied  from  a  modulator  through  a 
pulse  transformer. 


Magnetrons  are  cooled  by  ventilators  or  a  liquid  cooling  system. 


Other  practical  circuits  for  magnetron  oscillators  are  mere  complex. 
Figure  7 -7b  shows  a  circuit  where  high  voltage  from  the  modulator  in 
applied  across  a  dual  secor  dary  winding  (3-5;  4-6)  of  a  pulse  transformer. 
X  ka  Hi  ammeter  measures  average  current  ^  of  the  magnetron,  associated 
with  the  pulse  equation 


I 

a  av 


t  F  I 
p  p  a 


(7.1) 


There  are  magnetrons  in  which  permanent  magnets  are  an  integral  part  of  the 
construction.  Such  magnetrons  ore  called  packed. 
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where 

T^f  are  pulse  length  and  repetition  frequency. 

Operating  characteristics  of  a  magnetron.  Electrical  relationships 
in  a.  magnetron  determine  its  operating  parameters:  pulse  anode  voltage  E 
and  magnetic  induction  of  the  magnetic  field  B.  These  parameters  influence 
anode  current  1^,  useful  high  frequency  power  P,  power  input  efficiency  7], 
and  oscillating  frequency  f  of  the  magnetron. 

The  operating  characteristics  are  a  family  of  graphical  relationships 
of  anode  voltage  E^  to  anode  current  with  the  following  held  constants 
magnetic  induction; 
oscillating  powers 
efficiency; 
frequency. 

They  are  determined  with  constant  load  on  the  magnetron. 

Typical  operating  characteristics  for  a  magnetron  are  shown  in 
Figure  7-8* 


Figure  7-8.  Operating  characteristics  of  a  magnetron. 

1  -  efficiency;  2  -  power;  4  -  field;  4  -  frequency. 

The  relationship  between  magnetron  current  and  voltage  with  constant 
magnetic  induction  is  close  to  linear  and  is  represented  by  almost  horizontal 
lines,  which  are  higher  the  higher  the  magnetic  induction. 

vith  constant  B,  I  increases  sharply  with  an  increase  in  E  .  This  is 
*  a 

explained  by  the  fact  xhat  with  an  increase  in  anode  voltage,  greater  quanti¬ 
ties  of  electrons  leave  the  electron  cloud  surrounding  the  cathode,  and  take 
part  in  an  energy  exchange  with  the  high  frequency  field  of  the  resonators. 
Naturally,  oscillating  and  output  power  increase  also.  Magnetron  efficiency 
at  first  increases,  and  then,  passing  through  its  maximum,  drops.  Decrease 
in  efficiency  at  low  currents  is  explained  by  the  fact  that  in  these  operating 
modes,  the  high  frequency  resonator  fields  are  still  comparatively  weak  and 
their  bunching  'action  on  the  spatial  charge  is  small.  Decrease  in  efficiency 
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ac  high  currents-  is  explained  by  the  fact  that,  with  a  large  current,  mutual 
collisions  ol*  electrons  in  the  spokes  of  the  spatial  charge  increase;  con¬ 
sequently  overall  grouping  of  the  electrons  is  impaired. 

Curves  corresponding  to  P  •  const  are  reminiscent  of  hyperbolas,  and 
indicate  that,  with  an  increase  in  voltage  E^  and  magnetic  induction  3, 
oscillating  power  increases. 

Curves  =  ccr..-z  she-  the  relationship  of  magnetron  frequency  to  its 
operating  mode.  They  arc  complex  in  character  and  may  vary  widely  from  unit 
to  unit  of  the  same  type  of  magnetron;  for  this  reason  they  are  not  always 
given  with  the  operating  characteristics. 

With  the  operating  characteristics  at  hand,  it  is  possible  to  foresee 
which  changes  in  the  operation  of  the  transmitting  device  will  involve 
change  in  this  or  that  parameter. 

Example.  Let  it  be  required  to  obtain  oscillating  power  P  =■  900  kw 
from  the  magnetron  whose  operating  characteristics  are  shown  in  Figure  7.8. 

Anode  voltage  E  may  be  regulated  from  0  to  30  kv.  The  magnetic  system 
consists  of  a  field  with  magnetic  induction  B  =  0.27  tesla,  which  may  be 
regulated  within  the  limits  CO. 02  tesla. 

In  such  a  case  it  is  feasible  to  choose  the  following  mode  for  the 
magnetron:  B  =  0.27  tesla;  E^  =  27-5  kv;  1^  «  62  amp. 

This  mode  assures  magnetron  operation  with  sufficiently  high  efficiency 
C~53%)  and  a  certain  decrease  in  current. 

Example-  Let  it  be  required  to  shift  the  magnetron  of  the  preceding 
example  from  the  mode  specified  to  a  mode  with  oscillating  power  P  =  1000  kw. 

It  is  bear  to  increase  ar.ode  voltage  and  magnetic  induction  simultaneously 

to  E  =  29  kv  and  B  =  0.28  tesla.  Now  the  Fulse  anode  current  will  be 

a 

6U  amp,  and  efficiency  is  held  almost  to  its  previous  value- 

If  B  remains  equal  to  0.27  tesla  and  only  anode  voltage  is  raised  to 

8  kv,  the  required  oscillating  power  P  =  1000  kw  will  only  be  obtained 

with  a  decrease  in  efficiency.  Current  through  the  magnetron  in  this  case 

will  rise  to  I  -  74  amp,  which  exceeds  the  permissible  limit  (I  ,,  «  70  amp) . 
a  a  list 

Using  a  magnetron  with  currents  larger  than  the  limiting  values  notice¬ 
ably  shortens  its  lifetime,  and  therefore  is  not  recommended. 

Electronic  frequency  shift.  Electronic  frequency  shift  (e.f-s)  implies 
changing  the  generated  frequency  while  changing  the  operating  mode  of  the 
magnetron.  It  is  evaluated  by  the  e.f.s.  coefficient  k^,  which  is  determined 
as  the  ratio  of  frequency  increments  £f  to  the  corresponding  pulse  current 
increment,  i.e.,  k^  •  £f/Al^. 

In  magnetrons  it  is  estimated  using  the  ratio 

A,—  Q.0Ci -^.0.003  ^c>Mz/ampj  (7-2) 

where  f  and  Z  are  nominal  values. 
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Depending  on  t.he  range,  in  practice  k^.  ■  0.05  to  0-3  MHz/amp. 

These  values  of  kf  are  considered  large  and  reflect  on  intrinsic  fault  of 
magnetrons;  the  dependence  of  their  frequency  on  the  operating  mode. 

Load  characteristics  of  a  magnetron.  Output  power  and  oscillating  frequen¬ 
cy  of  a  magnetron  depend  on  the  magnitude  and  character  of  the  external  load 
impedance. 

A  magnetron  is  always  connected  with  the  load  toy  a  coaxial  or  wave  guide 
transnission  line.  In  this  case  the  load  may  be  described  by  the  modulus  of 
the  reflection  coefficient  (4.7)  and  its  phase  (4*6) «  Therefore,  the 
relationship  of  generated  power  P  and  frequency  f  of  the  magnetron  to  load  is 
graphically  shown  in  polar  coordinates  as  a  Wo  1  pert  diagram  (fig.  4.6). 

A  family  of  curves  of  P  and  f  in  polar  coordinates  with  constant  anode 
current  and  constant  magnetic  field  potential  is  called  the  load 
characteristics  (fig-  7-9)-  They  are  usually  determined  with  lowered 
power,  since  large  mismatches  in  the  load  produce  large  overloads  in  the 
transmission  line.  From  the  load  characteristics  it  is  evident  that  at  the 
largest  power  output  of  the  given  magnetron,  its  frequency  changes  sharply 
with  changes  in  phase  and  modulus  of  the  reflection  coefficient.  In  the 
range  of  smallest  power  for  the  given  magnetron,  its  frequency  stability  is 
increased. 


27O0 


Figure  7-9-  Load  characteristics  of  a  magnet ron- 

Considering  equation  (4.15)«  the  load  characteristics  are  often  con¬ 
structed  in  the  plane,  phase  of  the  reflection  coefficient. 

Frequency  pulling  of  a  magnetron.  The  phenomenon  of  a  change  in  generated 
frequency  produced  by  a  change  in  load,  is  called  pulling.  It.  is  evaluated 
by  the  frequency  pulling  factor 

The  frequency  pulling  factor  is  the  total  change  in  frequency  resulting 
from  a  360*  change  in  phase  of  the  reflection  coefficient  where  its  modulus, 
equal  to  0.2  «  1*5)  remains  unchanged. 
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TLo  factor  determined  from  the  load  characteristics.  It  is 

equal  to  the  difference  in  frequencies  of  curves  &f  »  const,  touching  the 

circle  which  corresponds  to  a  reflection  factor  p  =  0.2.  For  example,  for 

tfc«-  magnetron  whose  characteristics  are  shown  in  Figure  7-9,  F  =  12  MHz 

pull 

Fpull  for  ^Snetrons  in  the  centimeter  range  is  7  to  15  MHz.  This  is 
^  extremely  largo  value  and  it  illustrates  the  second  fault  of  magnetrons: 
the  strong  dependence  of  their  frequency  on  load. 

When  using  magnetrons,  the  mode  of  the  high  frequency  tract  of  the 
transmitting  device  must  he  carefu.  Jy  controlled  so  they  do  not  operate  with 
a  reflection  factor  |p|>  C,2. 

When  a  magnetron  is  replaced,  the  feeder  system  must  be  carefully  ad¬ 
justed  to  result  in  the  lowest  possible  value  of  reflection  factor. 

Table  7.2  shows  characteristic  data  for  typical  operating  modes  of 
pulse  magnetrons. 


Tabl e  7.2 

Characteristic  data  for  typical  operating  modes 
of  pulse  magnetrons 
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Key:  1  -  frequency  (provisional),  MHz,  2  -  output  power  in  a 
pulse,  kw;  3  -  E  ,  lev;  4  -  I  ,  amp;  5  -  minimum  eff. ,  5b; 

6  —  off-duty  factor- 

Tunable  magnetrons-  The  frequency  of  the  oscillations  generated  by  the 
magnetron  is  determined  by  the  parameters  of  its  oscillating  system-  The 
oscillating  system  of  a  magnetron  consists  of  the  resonators  in  tne  anode 
block,  straps,  the  interaction  space,  and  the  end  space.  Its  principal  parts 
are  the  resonators  and  straps.  Changing  the  parameters  of  the  resonators 
and  straps  permits  tuning  of  the  magnetron  in  the  frequency  range. 

High  power  magnetrons  have  a  mechanical  frequency  retuning  device, 
which  consists  of  movable  elements  coupled  with  the  resonant  system  and 
changing  its  reactive  parameters.  It  produces  changes  in  capacitance  of 
the  straps,  in  the  inductance  and  capacitance  of  the  resonators,  the  reactive 
parameters  of  additional  tuning  elements. 

A  tuning  mechanism  which  operates  by  changing  the  capacitance  of  the 
straps  is  shown  in  Figure  7.10. 
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Figure  7-10-  Tuning  elements  of  a  magnet  ron- 

1  —  anode  block;  2  -  dual  straps;  3  “  fine  adjustment, 
ring;  4  -  movable  vacuum  seal;  5  -  retiming  sere'-'. 

In  a  magnetron  with  dual  ring  straps  2,  the  capacitance  of  the  latter 
is  changed  by  the  ring  3i  introduced  between  the  straps.  Inserting  the 
ring  between  the  straps  is  equivalent  to  decreasing  the  distance  between 
then,  and  consequently  it  leads  to  an  increase  in  capacitance  of  the  straps 
and  the  whole  oscillating  system  of  the  magnetron. 

By  changing  the  capacitance  of  the  straps,  the  magnetron  frequency  may 
be  adjusted  within  the  limits  of  5%*  By  simultaneously  changing  the  in¬ 
ductance  of  the  resonators,  and  the  capacitance  of  the  slot  and  straps,  it 
is  possible  to  tune  magnetrons  within  10-15%  of  the  center  frequency. 

7*5  Klystron  Oscillators 

Multi  resonator  klystrons  are  widely  used  as  SHF  devices  with  very  large 
power  output. 

A  contemporary  four-cavity  klystron  is  diagrammed  in  Figure  7-11- 


1  -  electron  gun;  2  -  catcher;  3  -  focusing  winding; 
4  -  resonators;  5  -  input  device;  6  -  output  device; 
7  -  input  and  output  guides. 
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An  electron  stream,  leaving  electron  gun  1,  is  influenced  by  the 
potential  between  catcher  2  and  the  cathode*  The  stream  is  focused  by  the 
magnetic  field  of  the  electromagnet  vindiogs  3.  The  walls  of  resonators  4 
are  transparent  to  the  electron  stream. 

In  the  first  resonator,  the  electron  stream  velocity  is  modulated  by 
a  high  frequency  field,  created  by  a  high  frequency  voltage  applied  to  tbe 
klystron  input*  In  the  drift  tube  between  the  first  and  second  resonators, 
the  velocity  modulation  of  the  electroo  beam  rerults  in  density  modulation* 

The  electron  stream,  whose  density  varies  harmonically,  sets  up  high  fre¬ 
quency  oscillations  as  it  moves  in  the  second  resonator*  The  power  of  tbe 
oscillations,  with  given  con  struct  ion  parameters  ar.d  klystron  mode,  is 
considerably  larger  than  the  power  ?f  the  oscillations  in  the  first  resonator. 

In  the  second  resonator,  velocity  modulation  of  tbe  electroo  stream, 
resulting  in  density  modulation  in  the  drift  tube  between  the  secood  and 
third  resonators,  is  intensified* 

The  electron  flow,  velocity  modulated  and  with  its  energy  increasing 
from  resonator  to  resonator,  produces  high  frequency  oscillations  in  the  last 
resonator  which  ore  fed  through  output  device  6  to  the  feeder  system. 

Klystron  amplification  depends  on  the  number  of  resonators  and  amounts 
to  15  to  90  db.  Klystron  efficiency  is  40%  and  higher. 

Klystrons  operate  in  all  ranges  of  SHF.  Power  in  the  lO-centimeter 
range  reaches  40  Mv  in  the  pulsed  mode  and  several  kilowatts  in  the  coo- 
tinuous  mode. 

Multi  resonator  klystrons  in  tbe  decimeter  range  are  known  to  have  an 
output  power  of  10  Mw  pulsed,  tunable  over  a  140  MHz  band.  Lifrtime  is 
on  the  order  of  300  h* 

Frequency  stability  of  transmitters  using  klystron  generator*  may  be 
high,  since  it  is  determined  by  the  frequency  stability  of  the  low  power 
exciters. 

Klystron  oscillators  also  have  inherent  faults.  The  basic  faults 
ores  narrow  bond,  difficulty  in  tuning  over  the  vond,  very  high  operating 
voltages  (to  400  kv),  excessive  size  and  weight. 

The  circuit  of  a  klystroo  oscillator  is  shewn  in  Figure  7*  12*  The 
klystron  resonators  and  catcher  are  connected  d&rectly 

to  the  casing.  AC  heater  voltage  is  applied  through  step-down,  transformer 


A  negative  pulse  of  the  modulating  voltage  is  taken  from  the  secondary 
winding  of  pulse  transformer  PT  and  led  to  the  klystron  cathode. 

Focusing  windings  are  supplied  from  a  rectifier  with  voltage  Eg. 
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Ammeter  serves  to  monitor  average  current  of  the  klystron,  and 
ammeter  monitors  current  in  the  focusing  windings.  C^,  C^,  and 
are  blocking  capacitors. 

Characteristics  of  irulti resonator  klystrons.  The  energy  characteristics 
of  amplifying  klystrons  arc  the  operating  and  amplifying  characteristics. 

The  operating  characteristic  of  a  klystron  is  defined  as  the  relation¬ 
ship  of  output  power  to  anode  voltage  E&  (fig.  7.13a)  with  constant  excitation 
power.  Output  power  is  associated  with  the  accelerating  voltage  by  a  cubic 
function.  The  same  figure  shown  the  relationship  of  efficiency  7]  to  voltage 

E  . 
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Figure  7.13-  Characteristics  of  a  multiresonator  klystron. 

a  -  operating  characteristic;  t  —  amplifying  characteristic 
c  -  phase  characteristic. 


Output  power,  efficiency,  and  accelerating  voltage  are  related  by  the 
equation 


'W  *■*«*?. 


(7-3) 


•where 

A  is  conductivity  of  the  electron  beam  in  the  klystron  at  saturation 

’^-0+u)io-*-Vj 

The  region  of  practical  operating  modes  is  indicated  or)  the  operating 
characteristic*  Outside  this  region,  efficiency  decreases,  the  catcher  over¬ 
heats,  and  x-ray  radiation  intensity  increases. 
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Anpl if icjCior.  characteristic  is  defined  as  the  dependence  of  output 

power  r*  on  excitation  power  P.  (fig.  7.13b)  with  constant  anode  volt&qe 
out  xn 

A 

Since  the  power  ampl if icat ion  factor,  expressed  in  decibels*  is  deter¬ 
mined  by  the  ratio  K  -  iO  log  (P  /P.  ),  the  amplification  characteristic 

out  xn 

is  sometimes  graphed  as  K  -  f(P^). 

The  phase  characteristic  of  a  klystron  is  defined  as  the  dependence  of 
the  phase  shift  in  oscillations  at  the  input  on  anode  voltage*  It  is 
usually  represented  as  the  relationship  of  a  phase  shift  increment  £cp*  to 
a  relative  change  in  anode  voltage  (fig.  7.13c),  i.e. , 


where 

lE  is  an  increment  of  anode  voltage. 

The  phase  properties  of  a  DzultiresOnator  klystron  are  determined  by  the 
phase  pulling  factor  k  ,  indicating  the  ratio  of  an  increment  of  phase  shift 

9 

LG  to  an  increment  of  anode  voltage  causing  it,  i.e.,  k  =  Ao/£E  . 

<p  a 

For  typical  klystrons 

180  Cd&fl/V]  (7.4) 

It  is  evident  from  the  phase  characteristic  that  the  stability  of 
an  advance  in  phase  of  oscillations  at  the  output  in  relation  to  phase  at 
the  input  in  ^ilsed  multi  resonator  klystrons  depends  on  stability  of  the 
amplitude  of  anode  voltage  pulses. 

Multiplying  klystrons.  Multipliers  are  klystrons  in  which  the  oscilla¬ 
tion  frequency  at  the  output  is  a  multiple  of  the  exciting  oscillations. 

Klystron  multipliers  are  similar  in  construction  and  operating  principle 
to  multi-cavity  amplifying  klystrons.  The  output  resonator  of  a  klystron  is 
tuned  to  a  frequency  several  times  higher  than  the  input  frequency.  Frequency 
multiplication  in  known  klystrons  amount*  to  2  to  10.  Their  gain  is  usually 
close  to  one. 

Klystron  multipliers  may  be  used  in  exciters  for  multistage  radio 
transmitting  devices. 


Traveling  Wave  Devices 

In  recent  years  SlU:  generating  devices  in  which  an  extended  electron 
stream  interacts  with  waves  propagating  ai<*ng  nonresonant  decelerating 
systems  have  found  increasingly  wider  application.  These  devices  have 
been  designated  traveling  wave  tubes. 
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There  are  two  classes  o f  traveling  wave  tubes:  type  0  (ordinary]  and 
typo  M  (magnetron)  tubes. 

In  ordinary  traveling  wave  tubes,  the  electron  stream  is  focused  by  a 
longitudinal  magnetic  field,  and  in  magnetron  traveling  wave  tubes,  it  is 
focused  by  transverse  (crossed)  electric  and  magnetic  fields*  Each  type 
includes  forward  and  backward  traveling  wave  tubes,  depending  on  whether  the 
direction  of  the  electron  beam  deflection  coincides  with  the  direction  of  the 
traveling  wave  or  is  opposite  to  it. 

7*6  Type  0  Forward  Traveling  Wave  Tubes 

In  the  literature,  these  devices  are  often  simply  called  traveling  wave 
tubes*  This  type  of  tube  operates  in  an  amplifying  mode;  its  layout  is 
shown  in  Figure  7-14- 


Figure  7.14.  Construction  of  an  ordinary  traveling  wave  tube. 

1  -  electron  gun;  2  -  decelerating  helix;  3  “  collector; 

4  and  7  —  couplers;  5  —  absorber;  6  —  focusing  winding 
(solenoid) ;  8  -  output  device?  9  “  tuning  plunger. 

The  cathode  of  the  electron  gun  1  emits  electrons,  which  under  the 

influence  of  a  potential  on  the  accelerating  electrodes,  helix  2,  and 

collector  3,  form  an  electron  stream,  moving  inside  the  helix  with  velocity 

V  <  C- 
e 

Input  signals  and  coupling  element  4  set  up  in  the  decelerating  helix 
an  electromagnetic  wave  which,  propagating  with  velocity  toward  the 

output  end  7,  interact  with  the  electron  stream  and  are  amplified.  High 
frequency  oscillations  are  taken  out  of  the  tube  through  output  waveguide 
8.  The  extended  election  stream  is  focused  by  solenoid  6.  To  prohibit  self¬ 
oscillation  of  the  tube,  a  local  absoroer  5  is  mounted  on  several  screws  in 
the  center  of  the  helix. 

At  the  present  time  many  industrial  types  of  these  tubes  have  been 
developed  which  are  used  in  amplifying  stages  of  receiving  devices-  The  vide 
practical  application  of  traveling  wave  tubes  is  attributed  to  their  wide¬ 
band  operation,  low  noise  levels,  high  gain,  and  also  simple  design- 

Faults  of  traveling  wave  tubes  are  their  low  efficiency  (l*^S  than  20%) 
and  unwieldy  construction- 
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Table  7-3  illustrates  the  basic  parameters  of  seme  traveling  wave 
tubes* 


Table  7-3 


Basic  par.-Moeters  of  certain  traveling  wave  tubes. 


Parameter 

|  ruDe  typer,. 

j  xatUV-5 

ywUV-3 

ywUV-7 

1  PaGO'Utft  31003  JCK  «UC70T.  M:^ 

3-100 — 1000 

3400-400Q 

3400—4000 

2  K<n<S>im‘icuT  yeaiesim.  .  . 

3  my do  .  .  .  . 

18 

8 

30 

26 

4  Mouuocrir  *OAJtoro  c uruax*.  \ 

10-4 

5  IIa*i6a»woan  mixo;uu«  • 

•  0,03 

— 

3  - 

6  Honp*^icii«e  naxaia.  .  -  I 

2—3 

3-4 

6.3 

7  Tok  «a>jsa,  a.  | 

0,5— 0,9 

0,3-0,33 

0,7—0,85 

g  Hanpuxcuue  >ap*ia*>ouiero 

12 

-30 

-^50 

5.TCvrrpoaa  (— ).  m . 

9  Har.psxeHMt  n<p*oro  juoiu 

5 — ISO 

150—500 

(-).  * . . 

1100—1400 

IQ  Hanpfij*nuit  BToporo  ano/u 

400-000 

(caiEpxait),  <f . 

800—1100  • 

11  Hanpuaicintc  noamcropj  (— ). 

600 

1203 

.  _  • . 

1500 

12  Tok  sroporo  ano;u.  .  .  . 

30 

•253 

3000 

13  Tm  KOA-KKTopa  xa . 

14  /■lamimta*  ax^yiauf*  cojwhom- 

1 

3, 5-4,5 

20-35 

AM.  TA . . i 

0.07 

0,07 

0  06 

15  HosriMKWWti.  i .  . . . . 

1000 

1030 

1000 

Key:  1  —  operating  frequency  range,  MHa;  2  -  gain,  <3b;  3  ”  noise  factor,  db; 

4  -  input  signal  power,  v;  5  -  greatest  output  power,  w;  6  -  beater 
voltage,  v;  7  —  heater  current,  crop*  6  •  control  electrode  voltage 
(=) ,  v;  9  -  first  anode  voltage  (=),  v;  10  -  second  anode  voltage  (helix), 
v?  11  -  collector  voltage  (=),  v;  12  -  second  anode  current,  microamperes; 
13  ~  collector  current,  aa;  14  -  magnetic  induction  of  the  solenoid, 
tesla;  15  -  lifetime,  b* 


Ordinary  forward  traveling  wave  tubes  may  be  low,  average,  or  high 
power.  Average  and  high  power  tubes  are  used  an  multistage  radio  trans¬ 
mitting  devices. 


7-7-  Type  M  Forward  Traveling  Wave  Tubes 

In  the  literature,  these  devices  are  often  called  magnetron  amplifiers, 
as  they  operate  in  amplifying  modes-  Figure  7-15  snows  a  schematic 


layout  of  a  tube  with,  cylindrical  construction. 


Figure  7-15-  Magnetron  traveling  wave  tube. 


1  and  2  -  cathode  and  accelerating  electrode  of  the  electron 
gun;  3  -  deceleration  system;  4  -  negative  electrode  ( 'tfrottom' 
5  -  electron  beam;  6  -  input;  7  -  output;  8  -  absorber; 

9  -  collector- 
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Electrons  emitted  hy  cathode  1  of  the  electron  gun  with  the 
accelerating  electrode  2,  under  the  influence  of  the  magnetic  field  set 
up  by  an  external  magnet  and  the  voltage  between  the  decelerating  systems  3 
and  negative  electrode  4,  form  the  electron  beam  5- 

Electrons  in  the  beam  move  in  the  same  way  as  in  a  magnetron  at  the 
ends  of  the  spokes. 

Amplified  oscillations  are  applied  to  input  6  of  the  decelerating 
system.  Waves  along  the  axis  of  the  decelerating  system  propagate  with 
phase  velocity,  v^,  approximately  equal  to  the  velocity  of  electron  motion 
in  the  ray  v^,  (This  velocity  is  couch  smaller  than  the  velocity  of  light). 

As  a  result  of  coupling  the  field  of  the  traveling  wave  and  the  electron 
stream,  the  electromagnetic  wave  is  amplified  in  proportion  to  its  propagation 
from  the  input  to  the  output  of  the  decelerating  system.  Extremely  powerful 
oscillations  are  obtained  at  output  7*  Pulsed  amplifiers  of  this  type  produce 
output  power  of  several  megawatts  with  efficiency  greater  than  60%,  Their 
gain  is  15  db  within  25%  limits. 

The  tubes  function  on  comparatively  low  acceleration  voltages,  co  multi¬ 
stage  radio  transmitters  with  excellent  frequency  stability  can  be  built. 

7*8.  Type  0  Backward  Traveling  Wave  Tubes 

These  tubes  may  be  used  as  amplifiers  and  as  generators. 

In  backward  wave  tubes*  (fig,  7-16)  periodic  deceleration  s? -stems  3 
are  used,  similar  to  the  systems  in  a  traveling  wave  tube.  The  field  of 
the  electromagnetic  wave  along  the  deceleration  system  is  nonharmonic.  It 
may  be  considered  as  the  sum  of  spatial  harmonic  components  with  varying 
amplitudes  and  different  phases. 


Figure  7*16,  Layout  of  a  type  0  backward  wave  tube* 

1  -  electron  gun;  2  -  electron  stream;  3  —  deceleration 
system;  4t  —  collector;  5  —  absorber;  6  -  output;  7  - 
focusing  winding. 


Backward  wave  tubes  are  called  carcinotrons  from  the  Latin  word 

"carcino n  -  back. 
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In  a  backward  wave  tube,  electron  bean  2  interacts  with  the  first  or 
second  backward  spatial  harmonic.  If  the  tube  node  is  correctly  chosen  dis¬ 
regarding  the  fact  that  the  electromagnetic  wave  in  the  deceleration  system 
is  directed  apposite  to  the  electron  beam,  electrons  are  deflected  synchronous¬ 
ly  with  changes  in  phase  of  one  of  the  backward  harmonics. 

Modulation  of  the  electron  beam  in  a  backward  wave  tube  is  accomplished 
with  bo  tlx  forward  and  backward  harmonics.  Percentage  modulation  of  the 
beam  increases  in  the  direction  from  collector  4  to  the  electron  gun  1. 

More  dense  bunches  of  electrons  give  greater  energy  ~o  the  electromagnetic 
wave  in  the  deceleration  system,  and  therefore  at  output  6  an  amplified  high 
frequency  signal  is  received. 

In  generating  and  amplifying  backward  wave  tubes,  the  physical  processes 
of  coupling  the  electromagnetic  wave  with  the  electron  beam  are  similar, 
since  after  the  tube  is  excited  the  spatial  wave  in  the  deceleration  system 
will  be  similar  to  “the  wave  in  an  amplifying  tube. 

Excitation  of  a  backward  v&ve  tube,  and  consequently  generation  of  high 
frequency  oscillations  are  possible  since  the  motion  of  an  amplified 
electromagnetic  wave  opposite  to  the  electron  beam  assures  a  feedback  con¬ 
nection  of  the  beam  with  the  field  of  the  deceleration  system.  Feedback  in 
a  backward  wave  tube  is  distributed  in  character  and  is  effected  along  the 
whole  tube. 

Ordinary  backward  traveling  wave  tubes  have  vide-band  properties.  They 
permit  electron  tuning  with  a  closed  range  of  3  -I  •  These  devices  are  practical 
even  in  the  millimeter  range-  Most  frequently  generators  of  this  type  are 
used  in  a  continuous-wave  mode.  Their  efficiency  is  low,  on  the  order  of  1%- 

7-9  Tyj>?  M  Backward  Wave  Tubes 

Magnetron  backward  wave  tubes  (type  M  carcinotrons)  are  principally 
used  both  as  generators  and  as  amplifiers.  Generating  carcinotrons,  like 
that  shown  in  Figure  7-17,  have  undergone  extensive  development. 

The  structural  elements  of  carcinotrons  of  this  type  are  the  same  as 
in  the  ordinary  backward  traveling  wave  tube  described  above,  although  the 
deceleration  systems  are  cylindrical-  The  magnetic  field  for  controlling 
the  electron  beam  is  set  up  along  the  axis  of  the  tube  similarly  to  the  field 
in  a  magnetron.  The  electron  beam  moves  between  the  deceleration  system  and 
a  special  negative  electrode  ( ’•bottom”  }  opposite  to  the  electromagnetic  wave 
propagating  along  the  deceleration  system  toward  the  tube  output-  The 
physical  processes  in  a  magnetron  backward  traveling  wave  tube  are  basically 
no  different  from  the  processes  going  on  in  a  type  0  carcinotron. 

Magnetron  backward  traveling  wave  tubes  are  quite  effective  generating 
devices  in  the  decimeter,  centimeter,  and  millimeter  wave  ranges.  Their 
efficiency  may  be  as  high  as  50% .  They  have  high  range  characteristics,  and 
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are  easily  returned  in  a  vide  range  of  frequencies.  In  the  lO-ceri* ijnet er 
range  their  power  output  amounts  to  several  hundred  kilowatts  pulsed  and 
several  kilowatts  continuous  wave. 


Figure  7*17*  Type  M  backward  wave  tube  layout. 

1,  1*  -  cathode  and  acceleration  electrode  of  the 
electron  gun;  ^  -  electron  beam;  3  ~  deceleration 
system;  4  —  collector:  5  -  absorber;  6  —  negative 
electrode;  7  -  output. 

These  devices  are  distinguished  by  except ionally  high  noise  levels 
(up  to  25  db),  therefore  they  are  used  as  noise  generators. 

7-10  Carmatrons 

On  the  basis  of  type  M  backward  wave  tubes  and  magnetrons,  combined 
SHF  generating  devices  have  been  developed  and  given  the  name  camatront.* 

In  a  caraatron,  instead  of  ah  electron  gun,  cylindrical  cathodes  are 
used,  positioned  as  in  a  multiresonator  magnetron  coaxial  with  the  decelera¬ 
tion  system.  The  advantage  carmatrons  have  over  type  M  backward  wave  cube^ 

is  a  simplified  construction  since  no  electron  gun  is  required.  A  more 

* 

powerful  cathode  permits  an  increase 'in  power  in  the  device. 

Bandwidth  characteristics  of  carmatrons  are  somewhat  worse  than  type 
K  backward  wave  tubes. 

Carmatrons  inherited  a  fault  of  carcinotrons:  strict  dependence  of 
frequency  on  supply  voltage.  For  this  reason,  a  highly  stable  voltage  source 
is  required  for  continuoys-vave  carmatrons,  and,  for  pulsed  carmatrons,  pulse 
modulators  are  also  required  to  form  voltage  pulses  with  an  ideally  stable 
base  frequency. 


From  the  initial  syllables  of  oarcinotron  and  magnetron. 


RA-Ol5-ii3 


7-11  Platinotrons 

Platinotrons  wr<*  developed  on  the  basis  of  magnetrons  and  are  siai^arly 
constructed  (fig-  7-18} .  Deceleration  system  1  of  a  platinotron  is  similar 
to  the  anode  block  of  a  magnetron-  Cylindrical  activated  cathode  2  is 
positioned  coaxially  with  the  deceleration  System- 


Figure  7-lS-  Platinotron  construction - 

1  -  deceleration  systea;  2  -  cathode;  3  -  straps. 

The  electron  beam  is  controlled  by  permanent  magnets  and  magnetic 
fields  are  set  "up  in  exactly  the  same  way  as  in  a  magnetron.  The  electron 
beam  in  platinotrons  is  usually  coupled  with  a  backward  wave,  but  it  may  be 
used  with  a  forward  wave- 

PI  at  i  not  ron*  used  as  amplifiers  are  called  ampli  trons-  Aaplitrons  are 
distinguished  from  magnetrons  by  the  fact  that  their  deceleration  system  is 
not  closed.  This  is  accomplished  by  openings  in  the  straps  3-  These  openings 
are  coupled  to  the  input  and  output,  which  are  carefully  matched  to  the  ex¬ 
ternal  mechanisms  (transmission  lines). 

SHF  oscillations  applied  to  the  amplitrxxi  input  are  amplified.  Passing 
a  signal  through  the  device  in  the  amplification  process  is  accompanied  by 
a  predictable  phase  shift  in  the  oscillations. 

The  dependence  of  output  power  on  input  power  for  various  amounts  of 
supplied  power  for  one  type  of  amplitron  is  shown  in  Figure  7.19-  Vith 
the  lowest  supplied  power  (P^  -  500  kw)  the  area  a-b  is  applicable,  where 
output  power  is  only  weakly  dependent  on  input  high  frequency  power. 

If  input  power  is  too  small,  then  frequency  of  the  output  oscillations 
does  not  depend  on  frequency  of  the  input  oscillations,  i*e»,  control 
of  the  oscillations  is  lost. 

The  greater  the  power  supplied  from  the  modulator,  the  greater  will 
be  the  required  power  of  the  in^it  oscillations  to  control  amplification. 

In  xhe  region  where  the  input  sigital  CvtiUviv  the  output,  amplification 
is  greater  than  IQ  db  with  low  values  of  input  power*  With  an  increase  in 
power  of  the  input  oscillations,  gain  decreased,  although  dependence  of  out¬ 
put  power  on  input  power  is  more  pronounced* 

The  operating  characteristics  of  an  ampliftron  (fig*  7*20)  are  similar 


to  those  of  a  magnetron* 
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Table  7-4 

Fundamental  parameters  ef  amplitrons 


Parameters 

Type  of 

■Cm  euiTTw  amplitron 

QK  5m 

|  QK  63) 

|  QK  733 

|  QK  cn 

1  ftmtujo*.  Mat  .... 

| 

3  Bwv-MHa*  UOIUUOCTfc. 

1 

1225  1250 

(WCXJUHSC- 

pCk'As  nepe* 
crpouKa] 

1280-1350 

2700-2500 

|  2900-3100 

K*m . 

400 

40W 

3000 

3000 

4  Auo.nioe  a ji  pixfime,  a'« 

40 

94 

50 

55 

5  Ai  s^ituii  TOK,  a  ...  . 

25 

73 

05 

65 

D  Ko>J*{iiiiuicIIT  yCU-TCWI*, 
Oci  ......... 

15 

10 

10 

10 

7  OipJAMOCTli  .* . 

300 

woo 

200 

J 

200 

1 

Key:  l  -  tuning  range,  MHz;  2  -  (mechanical  tuning);  3  -  output  power,  kw; 

4  -  anode  voltage,  kv;  5  -  anode  current,  amp;  6  -  gain,  db;  9  - 

off-duty  factor. 

An  amplitron  reproduces  an  input  signal  very  well.  In  the  limits  of 
possible  operating  inodes,  the  signal  is  unchanged.  Phase  shift  of  high 
frequency  oscillations  on  passing  through  the  amplitron  is  only  weakly 
dependent  on  Anode  current. 

Invesxi  gat ions  show  that,  even  with  a  change  in  £raa  1  to  2.5 

and  variation  in  phase  of  the  reflection  coefficient  in  wide  limits,  the  form 
of  the  spectrum  of  the  amplified  oscillations  remains  practically  unchanged 
at  the  amplitron  output;  this  is  its  greatest  advantage  over  the  magnetron. 

Feedback  elements  may  be  introduced  between  output  and  input  of  a  platino- 
tron.  Feedback  in  a  platinotron  assures  its  self-excitation.  A  high-Q 
resonstor  is  introduced  into  the  feedback  loop  to  stabilize  the  frequency 
of  the  self-oscillations. 

Platinotrons,  together  with  external  feedback  elements  and  frequency 
stabilization  are  called  stabilitrons. 

Stabilitrons  are  new  devices,  and,  as  reported  in  the  literature,  their 
structural  development  is  still  in  progress.  In  certain  stabilitrons,  feed¬ 
back  is  accomplished  with  a  special  reflector  at  the  output  and  frequency 
stabilization  is  accomplished  with  an  external  resonator  at  the  input. 

In  such  a  case,  feedback  «nd  frequency  stabilization  are  accomplished 
as  follows.  Part  of  the  high  frequency  energy  is  reflected  from  a  mismatched 
output  of  the  stabilitron  and  is  returned  through  the  device  to  a  resonator. 
This  energy  sustains  oscillations  in  the.  input  resonator. 

Because  the  input  resonator  has  a  high  0,  it  maintains  oscillations  of 
a  strictly  determined  frequency.  The  external  resonator  may  have  a  high 
Q,  and  its  stabilizing  properties  will  be  extremely  high. 

Operating  and  load  characteristics  of  a  stabilitron  are  similar  to 
magnetron  characteristics.  Electron  displacement  in  it  is  50-100  times  less 
and  frequency  pulling  is  one  order  of  magnitude  less  than  in  a  magnetron. 
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Stabilitron  parameters  are  shown  in  Table  7-5- 


Table  7-5 


Basic  st  aMlit  ron  &aras>eters 

Pajraaeters 

True  5?  'StSXlT Stron 

TT 

<3K<W 

QKSaS 

1  JlrtinaacH.  Mm  (acpccrpcixa  kcx*- 

mtncoJMt) . . 

J22S-13SO 

1260  -1330 

2  Bu>cuius  UGUUIOCI*.  KOI  .  .  .  . 

6CC 

730 

3  ."■UruliTii*  Miuyiciui*.  j . 

9.  ns 

4  Akoaho*  JUrpnitfCJUie.  Km  .  ...  .  . 

36 

36 

5  Ajjoauu*  tox.  a . 

37 

•10 

6  in,  5* . . : 

— 

52 

7  3.iesTpoun«  cuwieiiite  «*totu. 

Q  «'l 1“ . ' 

mm 

1—4 

o  Kov^iiiiHcu?  uraruianaa  aacroru. 

. . 

— 

0,04—0,5 

Key-  1  -  bandwidth  (MHz)  (mechanical  retuning) ;  2  -  output"  power,  kwj 

3  —  magnetic  induction,  tesla;  4  -  anode  voltage,  lev;  3  -  anode  current, 
anp;  6  -  efficiency,  56;  7  -  electron  frequency  shift,  KHz/ Amp; 

8  -  frequency  pulling  factor,  MHz. 


7.12  generators  Using  Semiconductor  Devices 

Junction  semiconductor  triodes  and  tetrodes  find  practical  application 
in  generators  of  high  frequency  oscillations. 

Continuous— wave  generators  use  common  emitter,  cocoon  base,  and  common 
collector  circuits.  The  first  two  circuits  are  most  often  usedl 

Figure  7.21  illustrates  a  cocoon  emitter  generator  circuit  using  a 
p-n-p  triodc . 


Figure  7-21.  Schematic  of  a  continuous-wave  generator  using  a 
semiconductor  tried*. 


Under  the  influence  of  excitation  voltage  UaY  on  the  first  junction  (p-n), 
barrier  potential  in  the  junction  charges.  The  fundamental  process  in  the 
first  junction  (emitter-base)  is  a  repulsion  of  holes  by  the  emitter  and 
free  electrons  by  the  base.  Forward  current  across  this  junction  will  be 
essentially  hole  current,  since  holes  are  injected  into  the  base  by  the 
emitter. 

The  number  of  holes  injected  by  the  emitter  is  determined  by  the  potential 
of  the  base  relative  to  the  emitter}  i.e. ,  emitter  current  depends  on  the 
voltage  between  base  and  emitter.  If  this  voltage  is  harmonic,  current  in 
the  emitter-base  junction  will  also  be  harmonic. 
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Holes,  diffusing  through  the  base,  reach  the  second  junction  (n-p) , 

decrease  the  impedance  of  the  base-collector  junction,  and  collector  current 

increases.  In  an  energy  exchange  with  the  oscillating  resonator  L  ,C  con- 

o  c 

tributes  a  large  nuaber  of  electrons  which  supplement  the  energy  of  the 
cavity*  Power  of  the  oscillations  in  the  collector  circuit  (in  the  cavity 
b  .  C  )is  tens  and  hundreds  of  times  greater  than  the  power  expended  by  the 
excitation  source.  In  this  way  high  frequency  oscillations  are  amplified. 

.Naturally,  self-excited  oscillators  may  be  designed  using  semiconductor 
devices.  The  circuit  of  a  self— excited  oscillator  with  an  autotransformer 
coupling  with  the  common  emitter,  parallel  base  supply,  and  series  collector 
supply  is  shown  in  Figure  7-22.  A  secondary  negative  voltage  is  applied  to 
the  base  to  choose  the  reference  operating  point  on  the  part  of  the 
characteristic  with  a  steep  slope-  It  is  taken  off  the  supply  source  through 
potentiometer  For  available  semiconductor  triodea,  a  small  initial 

bias  is  required,  on  the  order  of  fractions  of  a  volt;  therefore  resistance 
is  small.  The  fundamental  resistance  in  self-biasing  the  base  ia  resistor 
Kjj  Capacitor  ia  an  element  of  base  bias*  The  remaining  elements  of  the 
self-excited  oscillator  are  designated  the  same  way  as  elements  from  the  . 
theory  of  self-excited  tube  oscillators* 


Figure  7*22.  Schematic  of  a  self-excited  oscillator  using  a 
semiconductor  triode. 

Self— excited  oscillators  with  capacitive  and  inductive  coupling  are  also 
practical. 

Semiconductor  generators  are  coming  into  wider  use.  Small  size  and 
weight  of  semiconductors  combined  with  miniature  radio  components  permit 
compact  designs.  Their  simplicity  and  reliability  are  high.  Special  de¬ 
signs  can  withstand  accelerations  produced  during  launch  of  a  rocket  or 
space  vehicle. 


Quantum  Molecular  Devices 

Depending  on  the  range  of  wave  used,  quantum  devices  are  Classed  as  SHF 
and  optic  quantum  devices. 

The  following  are  classed  among  SHF  quantum  devices: 
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molecular  (atomic)  generators; 

molecular  amplifiers; 

paramagnetic  amplifiers. 

In  foreign  literature,  all  these  devices  have  the  common  name  "maser-”* 

In  Soviet  literature  they  are  usually  called  quantum  molecular  generators 
and  quantum  molecular  amplifiers. 

Included  in  optic  quantum  devices  axe  generators  and  amplifiers  operating 
in  the  infrared  (0.4  mm  to  0.76  microns) t  visible  (0-76  microns  to  0-4  microns 
end  ultraviolet  (0.4  microns  to  20  A;  ranges-  In  foreign  literature  and 
often  in  Soviet  literature,  these  devices  ere  called  "lasers*1**  or  optic 
oasers. 

These  devices  are  more  often  called  optic  quantum  generators  in  Soviet 
publ i cat ions. 

For  research  in  the  field  of  quontua  radio  physics  and  for  building  the 
first  quantum  molecular  generators,  Member  Correspondents  of  the  Academy 
of  Sciences  of  t ce  USSR  N.  G.  Basov  and  A.  M.  Prokhorov  von  the  Lenin  prize 
in  I960.  For  the  laae  scientific  research  these  Soviet  scientists  (and  the 
American  physicist  Charles  H.  Townes)  were  awarded  the  Nobel  prize  in  1964. 

Optic  quantum  generators  are  developing  rapidly  at  the  present  time. 
According  to  tbe  operating  principle  and  physical  properties  of  the  active 
substance,  they  are  divided  into  many  groups  and  types,  tbe  most  important 
of  which  are  solid  body,  gas,  liquid,  and  semiconductor  optic  quantum 
generators- 


7-13  Quantum  Molecular  Generators  and  Amplifiers 

The  operating  principle  Of  quantum  devices  is  based  on  interaction  of 
an  electromagnetic  field  with  atoms  or  molecules  of  certain  substances 
which  possess  properties  such  that  under  certain  conditions  the  internal 
energy  of  their  atoms  (molecules)  is  turned  into  electromagnetic  energy. 

Such  an  energy  transformation  occurs  where  atoms  (molecules)  jump  from  one 
energy  level  to  another,  giving  off  quanta  (portions)  of  electromagnetic 
energy  of  a  given  frequency. 

In  certain  substances,  which  are  called  active,  under  certain  conditions 
atoms  (molecules),  absorbing  energy  quanta,  .Jump  to  a  higher  energy  level, 
i.e-,  to  an  excited  state-  Excited  atoms  may  spontaneously  radiate  (spon¬ 
taneous  radiation)  their  acquired  energy  and  return  to  the  original  or  some 
intermediate  energy  state. 


The  word  "maser"  is  formed  from  the  initial  letters  of  tbe  English 
words  "microwave  amplification  by  stimulated  emission  ef  radiation-" 

"Laser"  is  made  up  of  the  initial  letters  of  the  phrase  "light  ampli¬ 
fication  by  stimulated  emission  of  radiation." 
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Excited  atoci.N  (molecules)  may  be  "forced"  to  radiate  electromagnetic 
energy  by  the  effect  of  an  external  electromagnetic  field-  Radiation  caused 
by  on  external  electromagnetic  field  is  called  inducted  radiation. 

Atoms  (molecules)  are  shifted  to  an  excited  state  by  introducing 
electromagnetic  energy  into  a  system  containing  an  active  substance-  This 
process  is  called  pumping.  Accordingly,  the  frequency  of  the  excitation 
electromagnetic  field  is  Called  the  pumping  frequency. 

The  quantity  of  atoms  located  at  various  levels  or  the  population  of 
the  energy  levels  is  determined  by  the  temperature  of  the  active  substance. 

In  quantum  generators  conditions  are  set  up  under  which  the  population  of 
higher  energy  levels  is  higher.  In  such  a  case  even  a  weak  external  elect ro- 
nagnetic  field  at  a  given  frequency  will  produce  intensive  radiation  caused 
by  transfer  of  atoms  from  a  higher  into  a  lower  energy  level- 

The  energy  level  of  an  active  substance  is  quantitatively  determined  by 
the  population  of  the  level,  i.e.,  by  the  number  of  atoms  (molecules)  and 
the  energy  of  each  atom  (molecule).  The  usual  distribution  of  atoms  (mole¬ 
cules)  in  the  energy  levels  of  a  substance  at  thermodynamic  equilibrium 
determined  at  a  specified  temperature  is  shown  in  Figure  7*23a-  It  satis¬ 
fies  the  Boltzmann  equation 


where 

N 

m 


.\ 

n 


k  « 


7G” 


«e  •  «•  . 


(7.6) 


is  the  number  of  molecules  (atoms)  in  the  upper  level  with  energy 
V  : 


m 

is  the  number  of  molecules  (atoms)  in  the  lower  level  with  energy 

V  ; 
n 

1-38*10  ^  j/l*K  is  the  Boltzmann  constant; 


T  is  temperature  of  the  active  substance  in  degrees  Kelvin. 


Figure  7*23.  Enerr  levels  of  an  active  substance- 

a  -  at  thermodynamic  equilibrium;  b  -  when  the  substance 
is  excited. 
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To  create  generation  or  amplification,  thermal  equilibrium  of  the  sub¬ 
stance  is  disrupted  so  that  the  population  of  the  upper  energy  level  is 
greater  than  that  of  the  lower  (fig-  7-23*>)- 

AtOii".:  active  substances  have  not  two,  but  many  energy  level t. 

Accordingly,  from  one  energy  level  an  atom  may  jump  to  various  energy- 
levels,  and  each  jump  corresponds  to  a  unique  wave  length  of  radiated  os¬ 
cillations-  Consequently,  spectra  of  energy  radiated  by  atoms  and  mole¬ 
cules  are  studied. 

The  wave  length  for  a  given,  jump  is  equal  to 


X  = 

*•«  urm-  Wa’  (7.7) 

where 

m,  n  axe  any  possible  (permitted)  jumps; 

V^,  V  axe  energies  of  the  corresponding  levels; 

C  is  propagation  velocity  of  the  electromagnetic  energy; 

-34 

h  ■  6-6-10  j -  sec  is  Pla»ckMs  constant- 

in  the  first  quantum  generator  designed  by  N.  6.  Basov  and  A.  M. 
Pnokhorov  molecules  of  ammonia  were  used  as  an  active  substance-  Recently 
quantum  generators  have  been  developed  which  use  atoms  of  hydrogen.  Such  a 
generator  is  sketched  in  Figure  7-24.  Its  basic  elements  are  a  source  of 
atomic  hydrogen..  1,  an  atom  sorting  device  2,  and  a  resonator  3. 


Figure  7-24-  Design  of  a  quantum  generator  using  atoms  of  hydrogen- 

1  —  source  of  hydrogen  atoms;  2  —  device  for  sorting 
atoms  according  to  their  state;  3  “  resonator;  4  -  dia¬ 
phragm;  5  -  accumulating  tube;  6  -  output- 


Atoms  of  .hydrogen,  obtained  by  high  frequency  discharge,  pass  through 
diaphragm  4  and  fall  in  a  narrow  beam  on  the  sorting  device,  which  dis¬ 
criminates  on  the  basis  of  energy  level- 

Two  reference  energy  levels,  conventionally  designated  1  and  0,  axe 
used  (fig*  7-25)*  In  the  field  of  a  permanent  magnet,  the  upper  level  is 
split  into  three-  Atoms  of  the  two  upper  levels  (l-l;  1-2)  are  focused  so 
that  they  enter  the  opening  of  accumulating  tube  5  (fig-  7-24),  which  is 
located  in  the  center  of  a  high  frequency  resonator  to  the  frequency 

of  the  jump  from  level  1-2  to  the  zero  level  (1420  and  405  MHz). 

Electromagnetic  oscillations,  set  up  in  the  resonator  by  induced  radiation 
of  hydrogen  atoms,  are  led  through  the  output  device  6  to  the  load- 
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Tigure  7.25.  Energy  levels  of  atonic  Hydrogen  and  their-  change 
due  to  the  Zeeman  effect. 


The  sorting  device  is  a  six-pole  permanent  magnet,  which  sets  up  a 
no minifor®  field. 

Accumulating  tube  5  has  a  diameter  of  about  10  cm,  and  is  made  of  quartz. 
Its  inner  surface  is  covered  with  teflon  Ca  fluorine  hydrocarbon  compound), 
chemically  inert  to  hydrogen  atoms,  which  decreases  the  flow  of  atoms  through 
the  walls. 

The  high  frequency  resonator  has  the  usual  structure.  Its  inner  surface 
is  silvered. 

The  coupling  loop  with  the  load  is  regulated.  It  may  be  set  up  in 
such  a  manner  that  generation  is  pulsed  or  continuous-wave.  Coupling  can 
be  increased  to  the  extent  that  generation  becomes  impossible;  then  the 
quantum  device  will  operate  as  an  amplifier.  Transition  from  oscillation  to 
amplification  may  also  be  effected  by  changing  the  intensity  of  the  hydrogen 
atom  beam.  Frequency  stability  of  a  hydrogen  quantum  generator  is  on  the 

-13 

order  of  10  «  This  stability  is  assured  if  the  generator  temperature 

is  maintained  with  an  accuracy  of  0.01°C_ 

Hydrogen  generators  have  the  outstanding  advantage  that  they  can  be 
used  at  room  temperature  and  do  not  require  complicated  cooling  mechanisms. 


7-14  Optic  Quantum  Generators  (Lasers) 

Optic  quantum  generators  have  three  basic  elements;  active  substance, 
(possessing  properties  of  induced  radiation),  pumping  source  (exciting  the 
active  substance),  and  &  resonant  system. 

The  active  substance  may  be  a  solid  body,  gas  mixtures,  or  liquid.  Ruby 
with  chromium  additives  and  fluorite  with  uranium  or  samarium  additives  are 
the  solids  used. 

The  circuit  of  a  ruby  laser  is  shown  in  Figure  7*26.  The  active  sub¬ 
stance  is  a  monocrystal  of  red  ruby,  which  is  aluminum  oxide  Al^O^  with 
about  0.05%  chromium  added.  The  ruby  crystals  are  made  in  the  form  of  a 
rod  1.  The  rod  is  usually  about  4-5  cm  long  and  0.5-1 -0  cm  in  diameter.  The 
rod  faces  are  plashed  and  covered  with  silver.  One  face  is  opaque,  the 
other  is  about  10%  transparent. 
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1  -  ruby  rod;  2  -  xenon  pulse  Tube;  3  -  reflector; 
4  -  ruby  holder;  5  -  pulse  transformer. 


Pumping  energy  is  produced  by  a  pulsed  xenon  tube  2,  which  produces 
intensive  light.  The  ruby  is  counted  parallel  to  the  tube  inside  the  same 
reflector  3  or  inside  the  helix  of  the  pulse  tube. 

The  ruby  rod  itself  serves  as  the  resonant  system  of  the  generator. 

The  operating  principle  of  an  optic  quantum,  generator  is  as  Xollov*. 
With  each  pulse  from  the  pulse  tube,  chromium  ions,  absorbing  light  quanta 
with  wave  length  5600  A,  are  excited  and  jump  from  reference  level  1  to 
energy  levels  lying  in  region  3  (fig.  7.2?). 


Figure  7*27.  Energy  levels  in  ruby. 

1-3  -  chromium  ion  jumps  under  excitation;  3~1  -  spontaneous 
jumps  of  excited  ions;  3-2  -  jumps  in  an  intermediate 
reference  level;  2-1  -  permitted  jumps  with  radiation  in 
two  spectra  and  R^. 


Immediately  after  this,  some  of  the  chromium  ions  return  to  level  1, 
but  the  majority  cf  tham  jumps  to  level  2.  These  ions  remain  in  an  excited 
state  for  a  short  time,  and  then  jump  to  the  reference  state  at  level  1. 
Jumping  from  level  2  to  level  1,  the  ions  radiate  light  at  about  6943  A 
wave  length. 

Naturally,  each  ion  emits  a  photon  in  going  from  level  2  to  level  1, 
and  each  radiated  photon  causes  other  chromium  *  ions  to  jump  from  level  2 
to  reference  level  1.  In  other  words,  the  photons  induce  (cause)  radiation 
of  other-  photons,  and  in  a  short  time  they  form  a  large  beam  which  propagates 
along  the  ruby  rod.  The  opaque  mirror  on  one  face  of  the  rod  reflects  the 
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light  wave  back  into  the  ruby  rod*  When  the  light  intensity  level  inside 
the  rod  is  low,  even  the  transparent  faee  partially  reflects  the  light. 

When  the  light  reaches  a  determined  intensity,  its  powerful  beam  pours  out 
through  the  semitransparent  face. 

Photons  leave  the  ruhy  through  the  side  vails  without  reflection,  and 
only  those  oscillations  which  propagate  parallel  to  the  axis  of  the  ruby 
rod  are  amplified.  The  light  beam  from  an  optic  Quantum  generator  is  highly 
directional  and,  because  of  the  coherence  (each  succeeding  photon  is  in  phase 
with  the  preceding)  of  the  processes  in  the  ruby,  its  intensity  is  extremely 
high* 

Ruby  lasers  are  pulsed.  Pulse  length  (fig-  7 .28)  is  determined  by  the 
power  of  the  pumping  source  and  processes  in  the  ruby  itself.  Pulse  repetition 
frequency  is  limited  to  several  pulses  per  minute,  sinco  it  determines  the 
temperature  of  the  ruhy  crystal*  In  principle  it  is  possible  to  make  a 
continuous-mode  crystal  laser* 


Figure  7-28.  Pulse  at  the  output  of  an  optic  quantum  generator. 

1  —  relative  intensity;  2  -  beginning  of  pumping. 

Laser  oscillations  are  highly  monochromatic,  i.e.,  wave  lengths  of 
the  oscillations  which  make  up  the  light  beam  at  the  generator  output  are 
not  dispersed-  Thus,  for  example,  for  a  ruby  laser,  depending  on  pumping 
power,  the  spectrum  of  the  output  beam  varies  as  shown  in  Figure  7-29- 


632S  *t  *,  t,  $SSQ 

1  Mima  huhu.A’  1  Acmc  ga&tu.A' 

n  b  g 

Figure  7.29.  Radiation  spectnm  from  a  ruby  lojxr. 

a  -  low-power  pumping;  b  -  high-power  pumping. 

1  -  wave  length.  A* 

A  disadvantage  inherent  in  solid  state  lasers,  as  -well  as  gas  and 
fluid  lasers,  is  their  low  efficiency  (l-2%). 
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7-15  Semiconductor  Optic  Mantua  Generators 

Crystals  of  gallium  arsenide,  gallium  arsenide- phospaido*,  and  other 
substances  arc  used  as  the  active  substance  in  semiconductor  optic  quantum 
generators.  Radiation  in  semiconductor  crystals  is  caused  by  energy  jumps 
of  free  electrons. 

Lasers  of  this  type  employ  electric  pumping.  Excitation  of  carriers 
(electrons)  is  accomplished  by  current  through  the  diode  in  the  forward 
direction.  Vith  low  excitation  currenx,  radiation  from  the  semiconductor 
diode  is  noncoherent  and  its  intensity  is  low.  Vith  certain  large  values 
of  current  through  the  semiconductor,  coherent  induced  radiation  is  observed; 
the  radiation  band  converges,  and  radiation  intensity  increases. 

The  construction  of  a  diode  with  noncoherent  infrared  radiation  is 
sketched  in  Figure  7-30. 


Figure  7-30.  Diode  with  noncoherent  infrared  radiation. 

1  -  gallium  arsenide  wafer;  2  -  wire  contact;  3  -  lens; 

4  -  kovar  casing;  5  •  base. 

A  diffusion  diode  of  gallium  arsenide,  GaAs,  with  a  p-n  junction  is 
placed  in  a  standard  casing  vith  a  glass  lens  in  its  upper  part. 

Diode  excitation  current  of  100  m»  at  25*C  produces  1.2  V  forward 

bias. 

Reference  radiation  occurs  at  0-9  microns  wave  length  at  25  °C.  Diode 
reflation  may  be  modulated  by  varying  the  excitation  current  at  any  frequency 
from  audio  to  900  MHz.  Diode  efficiency  at  room  temperature  is  about  5%, 
and  at  liquid  nitrogen  temperature  (77CK)  it  is  10  times  higher,  i.e., 
greater  than  50%. 

The  construction  of  a  diode  with  coherent  radiation  at  8400  &  is 
shown  in  Figure  7-31-  Two  wafers  of  p-  and  n-type  gallium  arsenide  with 
zinc  and  tellurium  additives  respectively  are  divided  by  a  2.5  micron 
thick  junction.  The  diode  is  shaped  like  a  truncated  pyramid.  The  junction 
and  reverse  sides  of  the  pyramid  are  strictly  parallel  and  highly  polished. 
The  semiconductor  between  these  sides  forms  a  resonator  tuned  to  the 
radiation  frequency. 

A  forward  pulse  current  is  used  for  pumping.  Pulse  length  is  5  to 
20  microseconds. 

Semiconductor  lasers  operate  pulsed  and  continuous-mode.  They  may  be 
used  independently  or  as  pumping  generators  for  solid  stage  lasers. 
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Figure  7-21  -  A  semiconductor  laser* 

1  -  p-type  gallium  arsenide;  2  -  n-type  gallium 
arsenide;  3  and  5  —  electrodes;  4  -  junction  plane* 

Pulse  Modulators 

Pulse  modulators  are  radio  devices  designed  to  control  the  oscillations 
of  SHF  generators. 

They  are  classified  according  to  their  fundamental  elements:  a 
commutating  device  and  a  storage  element;  and  according  to  the  operating  mode 
of  the  latter. 

The  basic  classes  of  pulse  modulators  are  electron  tube,  linear  and 
magnetic. 

7.16  Electron  Tube  Pulse  Modulators  - 

Pulse  modulators  using  electron  tubes  as  switching  elements  are  called 
electron  tube  modulators.  Their  storage’ element  may  be  capacitive  or 
inductive.  The  most  videly  used  modulators  have  capacitive  storage  elements, 
operating  on  partial  discharge.  Such  modulators  axe  called  pulse  modulators 
with  a  partial  discharge  capacitor.  A  modulator  circuit  is  shown  in 
Figure  7*32. 


Figure  7.32.  Circuit  of  a  pulse  modulator  with  partial  discharge 
capacitor. 


Figure  7-33*  Change  in  voltage  on  the  storage  capacitor  in  the 
charging  and  discharging  stages. 
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In  the  pauses  betuwi  triggering  pulses,  the  switching  tube  1  is 

blocked  by  negative  voltage  -E  .  At  this  time  storage  capacitor  C  is 

C  H 

charged  from  a  high  voir  Age  rectifier  with  voltage  E^.  Charging  current 

flows  through  the  following  circuits  resistor  R^t  storage  capacitor  C^, 

charging  resistor  to  the  chassis.  Charge  on  builds  up  exponentially 

from  U  .  to  U  (fig.  7.33). 

c  min  c  max 

She  time  constant  of  the  charging  circuit 


T  -  (R.  t-  R,)C„  *  (7.8) 

c  x  in 

is  chosen  so  that  the  capacitor  will  charge  to  the  required  value  before 
the  triggering  pulse  arrives. 

The  switching  tube  is  unblocked  by  a  positive  triggering  pulse  coming 
from  the  driver.  Vith  the  tube  open,  the  voltage  on  capacitor  is  applied 
through  the  tube  to  the  magnetron.  This  voltage  (and  a  constant  magnetic 
field)  causes  the  magnetron  to  begin  generation.  Of  course,  the  energy  of 
the  storage  capacitor  is  expended  to  supply  the  magnetron,  and  it  partially 
discharges  through  the  following  circuit;  tube  1,  magnetron  M, 

-Cj..  A  small  part  of  the  current  branches  off  through  resistor  R^. 

Capacitor  continues  to  discharge  while  the  tube  is  conducting,  and 
ceases  discharge  when  the  control  pulse  ends. 

The  discharge  circuit  time  constant  is 


VW  (7*9) 

where 

R~j  *»  BsR2//Eg'*E2’ 

R  is  the  dc  resistance  of  the  SHF  generator  (pulsed). 

9 

The  time  constant  is  made  sufficiently  large  by  choosing  a  large  capacitance 

for  Cy  so  that  it  will  discharge  very  little  while  the  pulse  is  formed. 

C  discharges  (fig.  7.33)  to  U  .  .  In  the  following  pause  between  pulses 
n  C  min 

it  again  chat-flea  to  D  „ 
c  max 

Voltage  on  the  capacitor  changes  by  the  amount 


AU 

c 


U 


c  max 


U  ,  , 
c  min 


(7-10) 


which,  as  a  rule,  does  not  exceed  59a  of  the  minimum  voltage  on  the  capacitor. 
Hence  the  term  modulator  with  partial  discharge  capacitor. 

Leading  and  trailing  edges  of  the  pulse  formed  by  the  modulator  are 
affected  by  parasitic  capacitance  of  the  circuit  and  its  elements.  Total 
parasitic  capacitance  is  considerable  (50  to  150  pF).  It  discharges  prin¬ 
cipally  through  resistor  R^,  which  may  not  be  chosen  small.  Therefore,  pulse 
cutoff  may  be  extended,  and  consequently,  the  high  voltage  pulse  from  the 
SHF  generator  is  also  extended.  This  is  undesirable  since  prolonged  generation 
may  not  be  used,  and  the  thermal  load  on  the  generator  is  increased,  thus 
lowering  its  lifetime. 
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a  high  voltage  choke  L  is  often  used  instead  of  resistor  R^  (fig.  7-34) 
to  improve  the  pulse  trailing  edge.  In  this  case  the  basic  pulse  is 
followed  by  high  intensity  oscillations  in  the  discharge  circuit  of  the 
modulator,  which  may  trigger  the  magnetron  again.  A  diode  is  connected  in 
parallc?  with  the  choke  to  eliminate  these  oscillations.  It  does  not  con¬ 
duct  current  while  the  base  pul*e  is  being  formed  and  does  not  affect  the 
forming  process.  After  the  pulse  is  formed,  as  soon  as  the  oscillations 
reverse  polarity  (fig.  7-35),  the  diode  begins  to  conduct,  shunts  the 
modulator  discharge  circuit,  and  extinguishes  the  parasitic  oscillations 
in  it. 


*,  e* 


Figure  7.34.  Circuit  of  an  electron  tube  modulator  with  an 
inductance  in  the  charging  circuit. 


Figure  7.35- 


f\  without  diode 
I  5a  fieri* 

K-  Arit&ii. ode 

-* 


Output  pulse  of  a  modulator  with  post-pulse 
correction. 


Resistor  R^  in  both  circuits  limits  forward  current  from  the  high  -voltage 
rectifier  through  the  conducting  switching  tube. 

A  modulator  with  a  discharge  inductance  and  a  diode  forms  a  pulse 
with  a  sharp  dropoff  at  the  tip,  since  current  through  the  inductor  in¬ 
creases  linearly  during  the  pulse,  which  leads  to  an  additional  discharge 
by  the  storage  capacitor.  To  minimize  the  drop  at  the  pulse  tip,  the  choice 
inductance  is  carefully  selected,  and  in’  some  cases  -he  capacitance  of  the 
storage  capacitor  is  increased. 

An  SHF  generator  and  a  modulator  with  partial  discharge  capacitor  may¬ 
be  coupled  by  a  pulse  transformer,  which  fulfills  its  usual  function  and 
replaces  the  discharge  inductance.  The  quenching  diode  may  be  connected 
in  parallel  with  either  the  primary  or  the  secondary  winding  of  the 
transformer. 

Switching  electron  tubes  have  comparatively  small  power  (Table  7-6)- 
For  this  reason  they  are  often  connected  in  parallel  in  modulators  with  a 
partial  discharge  capacitor.  One  of  the  variations  of  such  a  parallel  tube 
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circuit  is  shown  in  Figure  7-36-  Here  the  limiting  resistors  are  R^  and 
Rr>-  Two  storage  capacitors  C  and  C  are  used  'in  the  circuit-  They  charge 
from  one  rectifier  through  their  limiting  resistors  and  the  common  primary 
winding  of  the  pulse  transformer-  The  grid  circuits  of  the  switching  tubes 
are  in  parallel,  but  each  tube  discharges  its  capacitor  through  the  following 
circuit:  positive  plate  of  the  storage  capacitor,  tube,  chassis,  primary 
winding  of  the  pulse  transformer,  negative  plate  of  the  capacitor. 


Table  7-6- 


Palse  modulator  tube  parameters 
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Key?  1  —  parameter;  2  -  <31-30,  dual  tetrode;  3  “  GMI-2B,  tetrode; 

4  -  GMI -3,  tetrode;  5  -  GMI-5,  tetrode;  6  -  GM1-6,  dual  tetrode; 

7  —  GMI— 7,  tetrode;  8  —  GMI— 10,  ’  tetrode;  9  ”  GMI— 89,  tetrode; 

1C  -  GMI- 90,  tetrode;  11  -  heater  voltage,  v;  12  -  heater  current, 
amp;  13  —  anode  voltage,  kv;  14  -  pulse  anode  current ,  amp; 

15  -  control  grid  pulse  voltage,  v;  16  -  bias  voltage,  v;  17-control 
grid  pulse  current,  amp;  l8  -  screen  grid  voltage,  v;  1$  -  permissible 
power  dissipation  on  anode,  V;  20  -  pulse  length,  microsecond; 

21  -  capacitance;  pF;  22  -  input;  23  -  output;  24  -  transfer. 


Resistors  R  ,  R^,  R^,  and  in  the  anode  and  grid  circuits  are 
included  to  suppress  parasitic  high  frequency  oscillations-.  They  are 
usually  about  IO  to  ohms. 
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7-17  Linear  Pulse  Modulators 

Pulse  modulators  with  storage  elements  in  the  form  of  an  artificial 
line  are  called  linear.  Hydrogen  thyratruns  are  used  as  commutating  ele¬ 
ment*. 

The  principal  circuit  of  a  linear  modulator  is  illustrated  in  Figure 
7-37-  It  consists  of  an  artificial  line  (AL),  hydrogen  thyratron  Th, 
charging  choice  CC,  and  pulse  transformer  FT-  The  generator  is  loaded  by 
an  SHF  generator,  and  supplied  from  a  high  voltage  rectifier- 


Figure  7-37-  Linear  pulse  modulator  circuit. 

The  modulator  charging  circuit  contains  the  rectifier,  charging  choke, 

line,  and  pulse  transformer.  Figure  7.33  shows  the  equivalent  circuit  of 

the  charging  loop*  The  storage  element  begins  to  charge  from  the  rectifier 

with  voltage  when  it  is  switched  from  discharge  to  charge,  which  corresponds 

to  closing  the  switch  in  the  equivalent  circuit.  In  the  discharge  stage  the 

artificial  line  behaves  like  a  capacitor  with  capacitance  equal  to  the  total 

capacitance  of  the  line  C„  . 

line 


Figure  7-33.  Equivalent  circuit  of  the  charging  loop. 
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In  addition  to  the  choice  (with  inductance  L^),  the  line  contains  a 
series  circuit*  Resistor  includes  losses  in  tbe  choke  and  other 
elements  of  the  charging  loop. 

Inductance  in  the  stages  of  tbe  artificial  line  have  practically  no 
effect  on  the  charging  process  since  they  are  small  in  comparison  with 
inductance  in  the  charging  choke.  For  the  same  reason*  the  pulse  trans¬ 
former  does  not  affect  the  charging  process. 

The  period  of  modulation  usually  does  not  exceed  the  period  of  intrinsic 
oscillations  in  the  charging  loop,  and  the  charging  process  is  transfer  in 
character. 

If  there  is  no  energy  initially  stored  in  the  choke  or  in  the  capacitors 
of  the  line,  then  voltage  and  current  in  the  charging  loop  are  described  by 
the  equations 


=£»  P  — cos 


C7.11) 


and 


****  «=s5-: 


i  “  ljc~*  ill  u,£. 


(7.12) 


«b  *  X/^. 


'line 


is  the  angular  resonant  frequency  of  the  charging 
100pr 

Q  is  the  figure  of  merit  of  the  charging  loopf 

*.  -  W 

Pc  is  characteristic  inpedance  at  the  charging  leap. 
The  charging  process  as  otter,  limited  to  the  first  half  of  the  period 
Tq  of  the  intrinsic  oscillations,  i by  the  ratio 


T  i  T 


(7.13) 


■where 


T  is  the  period  of  modulation,  equal  to  the  pilse  repetition  period; 


(7-14) 


In  this  case  the  charging  voltage  on  the  line  U„  ,  and  charging 

line 

current  i  vary  as  shown  in  Figure  7-39*- 


Figure  7-39-  Graphs  of  charging  voltage  and  current  for  various 
modes  of  the  charging  loop- 

a  -  resonant  charge;  b  -  linear  charge;  c  -  oscillating, 
charge. 
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The  linear  charging  mode  occurs  when  T  <  T^/2.  Figure  7.3 9b 
shows  charging  voltage  and  current  under  these  conditions. 

Oscillating  charge  mode  takes  place  when  T  >  T^/2  (fig,  7.39e). 
In  all  modes  the  line  is  charged  to  practically  the  same  voltage 


Uline  max  “  (1 - . 


(7.15) 


Usually  Q  a,  10  and  U^  ^  1.8  Efi. 

Average  charging  current  for  the  resonant  mode 


*av  "  ^ 


(7.16) 


The  discharge  loop  o £  the  modulator  consists  of  the  artificial  line, 
the  hydrogen  thratron  and  the  pulse  transformer,  loaded  by  the  SHF 
generator.  An  equivalent  circuit  of  the  discharge  loop  is  given  in 
Figure  7.40.  The  artificial  line  is  replaced  by  an  ideal  line  with  wave 
impedance 


’line 


(7.17) 


where 


Ll’  C1  are  induc,tance  and  capacitance  of  the  line  stages. 


fj 


rr'wn 

,t\  \W 


-i 


Figure  7.40.  Equivalent  circuit  of  the  discharge  loop. 


The  line  is  Charged  to  U,  .  and  is  an  energy  source  for  the  dis- 

line  max 

charging  loop. 

The  load  resistance 


«L  “  V": 


(7.1S) 


where 


R  is  dc  resistance  of  the  SHF  generator; 
0 

n  is  pulse  transformer,  PT,  turns  ratio. 


The  load  impedance  is  considered  matched  to  the  artificial  line  if 

R*  -  o,  -  *  With  a  matched  load,  the  discharge  loop  forms  a  single 

L  lane 

voltage  pulse  (fig.  7.31a)  with  amplitude  tnAa/2  and  leagth 

determined  by  equation  (6.10). 
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Figure  7*41.  Formed  voltage  pulses  for  different  load  matchings 
of  a  linear  pulse  modulator. 

a  -  matched  load;  b  -  load  larger  than  matched;  c  - 

load  less  then  matched  (U  •  U, .  )• 

x  line  max 


Figure  7*42* 


Voltages  and  currents  in  the  circuits  of  a  linear  pulse 
modulator. 


a  —  voltage  in  the  charging  and  discharging  stages  of 
the  AL;  b  -  charging  current;  c  -  voltage  on  the  primary 
winding  of  the  PT  and  current  through  it* 
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A  mismatched  load  may  be  larger  or  smaller  than  .  .  Voltage  pulses 

for  these  cases  are  shown  in  Figure  ?.4l.  The  relationship  of  processes 
in  ine  charging  and  discharging  stages  in  a  linear  modulator  may  be  ex¬ 
plained  with  the  sketch  of  voltages  and  currents  shown  in  Figure  7.42.  The 

artificial  line  is  charged  over  the  extended  period  T  «  T  by  a  small 

F 

(average)  current  to  voltage  U, .  .  At  a  certain  moment  a  triggering 

line  max 

pulse  is  applied  to  the  grid  of  the  hydrogen  thyratron.  The  thyratron 
fires,  and  the  artificial  line  discharges  for  a  short  tine  t  through  the 
primary  winding  of  the  pulse  transformer.  As  soon  as  the  thyratron  fires, 
the  voltage  on  the  line  decreases  to  halfx  its  value,  but  it  is  held  practically 
constant  for  the  duration  of  the  pulse.  This  voltage  acts  on  the  primary 
winding  of  the  pulse  transformer  and  is  amplified  into  the  anode  circuit 
of  the  SHF  generator. 

Linear  pulse  modulators  in  many  variations  of  circuits  and  constructions 
are  being  used  in  a  broad  range  of  applications. 

Artificial  lines.  Artificial  lines  (AL)  in  pulse  modulators  are  energy 
storage  elements  and  forming  elements.  The  customary  ladder  network  is 
often  used  (fig.  6-9)- 

In  actual  conditions  the  AL  as  a  forming  two— terminal  network  is  dis¬ 
charged  into  the  load  \an  active  impedance  <7.18)),  shunting  the  inductance 
of  the  pulse  transformer.  The  forming  voltage  pulse  thus  has  a  steeply 
sloping  tip,  since  current  through  the  inductance  rises  linearly  during 
the  pulse. 

To  correct  the  pulse  shape,  an  AL  with  unequal  network  parameters  is 
used.  Such  lines  are  called  unsvmaetrical  •  Exponential  type  parameters  of 
an  unsynmetrical  line  (fig.  7-43)  are  calculated  by  the  formulas; 

(7.19) 

(7.20) 

(7.21) 

(7.22) 

ie  is  the  number  of  sections. 

Ihe  number  of  sections  a  usually  satisfies  the  relationship  (6.1l) 


P.T 


2s 


KLz  • 

"ST 


r*  _  4  . 

Ct  =  C,  =  const; 


-  =w 


end 


n  *  (2  to  8)l06T 


(7.23) 
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Hydrogen  thyratrons.  Hydrogen  thyratrons  are  almost  exclusively  used 
in  linear  pulse  modulators.  The  construction  of  a  thyratron  is  shown  in 
Figure  7-44.  It  has  three  electrodes:  cathode,  anode,  and  control  grid. 
The  distance  between  anode  and  grid  determines  the  value  of 'breakdown 
voltage  and  consequently,  of  cutoff  Voltage. 


Figure  7-44.  Construction  of  a  hydrogen  thyratron. 

1  -  anode  input  guide;  2  -  bulb;  3  ~  glass  baffle; 
4  -  grid;  5  -  anode;  6  -  grid  shielding  plate; 

7  -  grid  frame;  8  —  cathode  screen;  9  -  cathode 
shielding  plate;  10  -  cathode. 


According  to  its  construction,  the  grid  may  be  a  perforated  plate  or 
a  woven  grid  located  directly  under  the  anode. 

To  obtain  positive  control  characteristics,  the  cathode  is  completely 
screened  from  the  anode  field.  Therefore,  a  thyratron  includes  shielding 
plates  for  the  grid  and  cathode  and  a  cathode  screen.  The  grid  shielding 
plate  is  electrically  connected  to  the  grid.  When  this  plate  is  present, 
the  electric  field  of  the  anode  does  not  go  beyond  the  edges  of  the  plate  6, 
and  consequently,  the  anode  does  not  affect  cathode  emission.  Electrons, 
emitted  by  the  cathode  are  primarily  located  in  the  region  bounded  by  the 
screen  and  the  shielding  plate  of  the  cathode. 

The  thyratron  fires  when  a  positive  voltage  is  applied  to  the  control 
grid  and  the  anode.  Voltage  on  the  grid  starts  current  flowing  between 
grid  and  cathode,  thus  producing  electrons  and  ions  in  the  region  outside 
the  cathode  screen,  which  propagate  up  to  the  grid  shielding  plate.  As 
soon  as  electron  density  at  the  edges  of  the  shielding  plate  6  becomes 
sufficiently  high,  the  electric  field  of  the  anode  causes  ionization  in  the 
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region  between,  the  grid  and  anode  plates,  which  leads  to  ionization  in  the 
whole  apace  between  the  anode  and  cathode  and  to  discharge  in  the  thyratron. 
In  the  initial  stages  of  discharge,  the  anode  current  is  a  glow  discharge 
between  anode  and  grid.  Glow  discharge  leads  to  an  increase  in  positive 
potential  on  the  grid  to  a  value  at  which  the  gas  in  the  space  between  grid 
and  anode  is  ionized  rapidly.  After  the  gas  in  this  region  is  ionized,  the 
anode  electric  field  hegins  to  affect  electrons  outside  it,  and  gas  ioniza¬ 
tion  in  the  grid-cathode  regions  takes  place,  which  leads  to  discharge  in 
the  thyrarron.  The  whole  process  of  initiating  and  carrying  out  discharge 
in  a  thyratron  takes  place  in  approximately  0.05  Microsecond.  De- ionization 
tine  in  a  hydrogen  thyratron  is  on  the  order  of  tens  of  microseconds. 

Hydrogen  is  one  of  the  most  active  chemical  elements.  It  eagerly 
absorbs  impurities  contained  in  the  material  of  the  electrodes,  which  may 
cause  a  decrease  in  hydrogen  pressure  and  consequently,  changes  in  the 
electrical  characteristics  of  the  thyratron.  To  eliminate  this  effect, 
thyratron  electrodes  are  made  of  chemically  pure  nickel,  and  certain  other 
measures  are  taken  to  compensate  for  the  loss  of  hydrogen  in  a  thyratron  when 
it  is  in  use. 

Hydrogen  thyratrons  have  a  positive  grid  characteristic  and  are  con¬ 
trolled  hy  positive  pulses  whose  amplitude  ia  from  200  (for  the  majority 
of  thyratrons)  to  700  v,  and  whose  length  is  several  microseconds. 

The  rise  time  of  grid  voltage  ia  given  for  each  thyratron.  For  the 
majority  of  thyratrons  it  is  equal  to  J00  to  600  volts/microsecond  (see 
Table  7-7)- 

An  anode  current  pulse  is  delayed  in  relation  to  the  firing  pulse 
of  grid  voltage.  The  delay  amounts  to  several  tens  of  microseconds  and 
depends  on  the  leading  edge  of  the  firing  pulse,  the  value  of  anode  voltage 
on  the  thyratron,  and  on  the  state  of  the  cathode.  The  cathode  state  depends 
on  the  method  of  heater  supply-  If  the  heater  is  supplied  by  alternating 
current,  the  alternating  field  will  affect  discharge  close  to  the  cathode 
and  also  the  time  required  to  set  up  ionization  stages  of  discharge  in  the 
thyratron.  Delay  of  the  anode  current  pulse  in  this  case  may  be  decreased 
consi  derahly  . 

In  using  thyratrons,  heater  voltage  must  be  held  strictly  constant, 
since  cathode  emission  decreases  sharply  when  heater  voltage  drops,  and  an 
increase  in  heating  increase  a  hydrogen  reaction  with  the  oxide  cathode. 

Service  time  of  a  hydrogen  thyratron  depends  on  its  mode  of  operation 
and  is  determined  primarily  by  the  operating  voltage,  anode  current, 
pulse  length,  and  repetition  rate.  Thyratron  service  time  is  usually  no 
less  than  500  h.  It  may  be  extended  if  the  thyratron  is  not  continuously 
operated  at  its  limits. 
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Table  7-7 


Parameters  of  certain  pulse  hydrogen  thyratrons 
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0,4 
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0,5 

l 
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900 

2  OX 

1500 

1560  ' 

2500 
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2-8  . 

0.5—6 

0,5-5 

0,3-11 

4500  ; 

17U0 
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500 

0,2 

0,2 

0,2 

0,7—2 

0.5 

0,5—1 

0,5 

3—8 

2— S 

2 

2—2,5 

3—6 

0 .3-0.6 

0,3-0, 6 

0,3 — 0,6 

1-2 

Key:  1  -  parameter;  2  -  TGU-260/12;  3  -  TGI2-325/16;  4  -  TSU-400/16; 

3  -  TGIl— 700/23;  6  -  heater  voltage,  v-  7  -  heater  current,  anp; 

8  -  anode  voltage,  kv;  9  -  voltage  drop  in  pulse,  v;  10  anode  current 
in  pulse,  amp;  11  —  average  anode  current,  amp;  12  -  slope  of  the  anode 
current  pulse  front,  amp/microsec;  13  -  pulse  output  power,  kw; 

14  -  pulse  length,  micro sec;  15  -  pulses  per  second,  p/secj  16  - 
firing  pulse  parameters;  17  -  voltage,  kv;  IS  -  current,  amp; 

19  “  pulse  length,  microsec;  20  -  rise  time,  kv/oicrosec . 


Figure  7*45*  Simplified  equivalent  circuit  of  a  pulse  transformer. 

Pulse  transformers.  Pulse  transformers  are  widely  used  in  pulse 
modulators  and  other  devices.  Their  fundamental  purpose  is  to  increase 
the  amplitude  of  the  formed  voltage  pulse.  Simultaneously  they  match 
the  low  impedance  modulator  output  with  the  high  impedance  SHF  generator 
input,  change  pulso  polarity,  provide  do  decoupling  with  the  circuit, 
etc. 

The  equivalent  circuit  of  a  PT  is  shown  in  Figure  7.45t  where  all 
elements  are  referred  to  the  primary  winding. 
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Pulse  transformation  should  not  be  accompanied  hy  a  great  deal  of 
distortion  in  the  pulse  shape,  distortion  produced  hy  distributed  inductance, 
Ls*  magnetisation  inductance  L^,  and  capacitance  of  the  transformer. 

To  decrease  and  C^,  the  number  of  turns  is  limited,  cere  volume  is  in* 
creased,  and  special  coupling  circuits  are  used  for  the  windings.  The 
turns  ratio  of  pulse  transformers  is  limited  to  3 **10-  No  more  than 
several  tens  of  turns  are  allowed  in  the  primary  and  secondary  windings. 

Operating  voltages  on  the  windings,  as  a  rule,,  are  very  high;  consequently 
careful  attention  is  given  to  their  electrical  stability. 

Pulse  transformer  cores  are  made  of  high-grade  steel  with  high  magnetic 
permeability-  They  are  wound  of  rihbons,  0.02-0.10  nan  thick.  Cores  are 
often  made  of  £310  steel  (previously  called  XVP). 

To  improve  electrical  stability,  pulse  transformers  are  assembled  in 
closed  tanks  filled  with  transformer  oil.  Transformers  over  100  kw  and 
6  kv  are  provided  with  expansion  tanks. 

7-18  Linear  Pulse  Modulators  vith  Dual  Forming  Lines 

The  circuit  of  a  modulator  with  dual  forming  lines  is  illustrated  ’in 
Figure  7-^S- 


Figure  7.46.  Basic  circuit  of  a  linear  pulse  modulator  with 
dual  forming  lines. 

The  charging  loop  of  the  modulator  includes  charging  choke  CC,  charging 
diode  Tube^,  two-terminal  forming  networks  AL^  and  AL2,  and  the  primary 
winding  of  the  pulse  transformer  FT. 

Charging  current  flows  through  “the  following  circuit-  charging 

choke,  charging  diode,  and  then  through  the  branches-  first  artificial 
line  to  the  chassis;  second  artificial  line  to  the  primary  winding  of  the 
pulse  transformer  to  the  chassis. 

Processes  in  the  charging  loop  are  determined  hy  inductance  of  the 
charging  choke,  total  capacitance  of  the  forming  lines,  total  active 
losses  in  the  circuit,  and  the  charging  diode. 
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An  equivalent  circuit  of  the  charging  loop  is  shown  in  Figure  7*47* 


figure  7-47-  Equivalent  circuit  of  the  charging  loop. 

Parameters  of  the  charging  loop  elements  are  selected  30-  that  the 
period  of  intrinsic  oscillations  in  the  loop,  determined  by  equation  7.14, 
will  satisfy  the  condition 


To< 


2T 


where 


T  .  is  the  minimum  pulse  sequence  period, 
man 

The  charging  loop  is  adjusted  so  that  at  maxi  mum  pulse  repetition  rate 

(corresponding  to  T  „  ),  it  vill  operate  close  to  resonance.  Then  at  all 
nn 

other  pulse  repetition  frequencies,  the  charging  loop  vill  rectify  the 
charging  process  (fig.  7-48).  In  the  latter  case,  the  charging  period  of 
the  storage  element  may  be  divided  into  tvo  stages;  an  oscillating  charge 
stage  (from  t^  to  t^)  and  a  rectified-  charging  process  stage  (from  to 
t2).  Of  course,  charging  current  only  flows  in  the  first  stage  (from  tQ  to 


Figure  7-48. 


Voltage  on  the  line  and  charging  current  in  a 

rectified  charging  process  (U  =  U  .  ). 

x  line  max 


The  first  stage  of  the  charging  process  is  the  same  for  all  pulse 
repetition  rates-  The  duration  of  the  second  stage  varies  inversely  with 
the  pulse  repetition  rate. 


The  process  in  a  charging  loop  which  contains  a  diode  with  T  >  T  /2 
is  called  a  rectified  charging  process. 
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Since  voltage  on  the  storage  element  does  not  change  in  the  second 
charging  stage  from  t  to  t0,  then  in  the  case  of  a  rectified  charge,  the 
voltage  to  which  the  forming  line  ir,  charged  is  the  same  as  for  resonant 
charging  (7-15)-  Average  charging  current  in  the  rectified  mode  is  deter¬ 
mined  by  the  equation 

where 

x«  ’  Vv 

is  the  characteristic  impedance  of  the  charging  loop; 

x  *  T/Tg  is  the  mode  indicator. 

The  effective  value  of  charging  current  is 

(7-25) 

The  discharging  loop  of  a  pulse  modulator  consists  of  the  hydrogen 
thyrat ron  Tube^,  first  forming  line  AL^,  primary  winding  of  the  pulse 
transformer,  and  the  second  line 

A  supplementary  high  frequency  choke  is  usually  included  in  the  dis¬ 
charge  loop  to  decrease  the  rise  tine  of  anode  current  -through  the  thyrat  ron 
in  an  attempt  to  decrease  heat  losses  in  the  thyrat  ron. 

The  outstanding  feature  of  the  discharge  in  this  modulator  is  the  two 
forming  lines,  and  consequently  the  processes  taking  place  in  it  are  quite 
different  from  the  processes  in  a  discharge  loop  with  one  line. 

The  load  of  a  pulse  modulator  with  dual  lines  is  considered  matched 
if  its  impedance  is  twice  as  large  as  the  wave  impedance  of  the  forming 
lines,  i.e.„ 


“  2{*line“ 


(7.26) 


A  simplified  circuit  of  the  discharge  loop  is  shown  in  Figure  7.49a, 


and  the  equivalent  circuit  in  Figure  7.49b. 


?m»  jutmpt 


Y_t 


JtS 


b  1  ^  ? 


Figure  7-49-  Simplified  (a)  and  equivalent  (b)  circuits  of  the 

discharge  loop  of  a  linear  pulse  modulator  with  dual 
forming  lines. 
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As  eoon  as  the  line  has  charged  to  the  required  voltage  U  .  ,  the 

'  line  max 

thyratron  fires,  which  is  equivalent  to  closing  swatch  K  in  the  equivalent 
circuit  in  Figure  7-^9h.  The  left  end  of  the  first  line  is  now  short- 
circuited. 

This  moment  is  taken  as  the  initial  (t  -  0)  moment  for  the  process  in 
the  discharge  loop. 

With  a  short  circuit,  voltage  and  current  waves  are  set  up  in  the  line. 
Waves  propagating  in  both  lines  from  left  to  right  win  be  considered  in¬ 
cident  ,  and  those  propagating  from  right  to  left  will  be  considered  reflected. 

Tha  voltage  reflection  coefficient  In  a  line  in  the  general  case  is 
equal  to 


"  “  RU."al/RLL+PL'  !7-27 

where 

is  the  total  load  impedance  of  the  line. 

Obviously,  the  coefficient  of  reflection  from  an  open  end  of  the  line, 
when  *  *1  is  equal  to  +1,  and  from  a  short-circuited  end  of  the  line 
=  0),  is  equal  to  -1- 

From  the  moment  switch  K  is  closed,  a  current  (fig.  7- 50a) 


1 

r 


line* 


(7.2$) 


begins  to  flaw  through  the  thyratron,  and  an  incident  wave  appears  at  the 

left  end  of  the  first  line.  When  the  left  end  of  the  line  is  short-circuited, 

o  «  -1,  the  incident  wave  is  negative  and  equal  to  U,  .  •  The  incident 

lane  max 

wave,  propagating  from  left  to  right,  seems  to  strip  voltage  from  the  pre¬ 
viously  charged  line.  Energy  previously  stored  in  the  line  capacitances 
is  transformed  into  magnetic  energy. 

Behind  the  front  of  the  incident  wave  propagating  from  left  to  right 
voltage  on  the  line  becomes  equal  to  zero,  although  the  first  line  in 
front  of  ths  incident  wave  front  and  the  second  line  (and  consequently,  the 
load)  remain  at  the  same  state  as  before  the  thyratron  was  fired.  There  is 
practically  no  voltage  on  the  load  «#r  current  through  it. 

The  line  parameters  are  chosen  so  that  the  wave  propagates  one  complete 
length  in  a  tome  equal  to  half  the  l^igth  of  the  pulse  formed  by  the  modulator. 


i  »€« , 


-?*=y 


(7.29) 


All  this  time  voltage  on  the  right  end  of  the  first  line  remains  equal 

to  U  (fig.  7-50b). 

lane  max 

The  first  line  is  loaded  on  the  right  by  impedance  ,  equal  to  the 
sum  of  the  modulator  load  impedance  determined  by  equation  7*2$,  and  the 
impedance  of  the  second  line. 
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Figure  7.^0.  Gr*pKs  of  currents  and  voltages  in  the  discharge  loop 
of  a  linear  pulse  modulator  with  dual  forming  lines. 

Both  lines  are  identical,  accordingly  Pline  z  “  Dline  1  =  pline* 
Consequently,  the  total  load  impedance  of  the  first  line 

\l  "  3*line'  (7'30) 

Alter  &  time  equal  to  t/2,  the  incident  wave  readies  the  right  (loaded) 
end  of  the  first  line.  The  line  load  from  the  right  Is  not  matched,  so 
a  reflected  wave  appears.  For  =  3cline,  the  reflection  coefficient  is 
equal  to  1/2.  At  the  right  end  of  the  first  line  the  voltage  becomes 
equal  to  half  of  the  former  value  and  changes  polarity,  since  a  negative 
wave  is  reflected.  This  voltage  on  the  right  end  of  the  first  line  will  be 
maintained  till  the  wave  propagates  from  right  to  left  and  back  (fig.  7.50b). 

At  t  =  t/2  the  state  of  the  first  line  at  points  1-4  Cfig.  7-4$b) 
changes  radically,  which  naturally  causes  a  change  in  the  boundary  conditions 
on  the  left  end  of  the  second  line.  The  second  line  seen s  to  be  connected 
to  a  load  through  the  first  line,  consequently  an  indieent  wave  appears  in 
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The  second  line.  The  load  on  'the  second  line  is  ■the  sene  as  on  the  first, 

i.e.,  *  accordingly  the  reflection  coefficient  from  the  left 

end  of  the  line  is  also  equal  to  1/2.  As  a  result 7  voltage  on  the  left 

old  of  the  first  line  at  this  moment  will  become  equal  to  U,  .  /2 

line  max 

(fig.  7* 50c).  The  sane  voltage  is  established  along  the  line  as  far  as  the 
incident  wave  propagates-  At  the  moment  t  —  T,  the  incident  wave  reaches 
the  right  open  end  of  the  line,  is  reflected,  and  begins  to  propagate  back. 
Propagation  of  the  wave  from  right  to  left  indicates  that  The  second  line 
is  also  stripped  of  energy,  transferring  it  to  the  load  through  the  line 
sections  located  in  front  of  the  wave.  Voltage  on  the  line  and  current  in 
it  become  equal  to  zero  in  the  sections  behind  the  front  of  the  reflected 
wave. 


Voltage  U  „  at  the  loaded  end  of  the  second  line  up  to  moment 

line  21* 

t  *  3t/2  remains  unchanged,  equal  to  ♦  ^ine  (fig-  7. 50b). 

Thus,  in  the  period  from  t  *  t/2  to  t  ■  3t/2  voltage  at  the  right  end 
of  the  first  line  is  constant  and  equal  to  -  Ujine  ^j/2/flnd  voltage  at 
the  left  end  of  the  second  line  remains  constant  and  equal  tc  ♦ 

Voltage  on  the  load  at  this  time  is  equal  to  U2ine  max^**®*  7-50d). 

Current  in  the  load  (fig.  7.50b)  is  constant: 


*1.  **  ^line  max^L  =  ^line  max/^li ne* 


(7-31) 


For  convenience,  time  on  the  abscissa  of  Figure  7*50  is  given  in  units 
of  half  the  duration  of  the  formed  pulse  t/2,  i.e.,  the  time  required  for 
the  wave  to  traverse  the  line  in  one  direction.  Values  of  voltage  and 
current  are  plotted  on  the  ordinate. 

It  must  be  emphasized  that  the  duration  of  a  pulse  (see  6.10)  formed 
by  a  modulator  with  dual  lines  is  determined  by  a  double  transit  of  the  wave 
along  one  of  the  lines,  i.e., 

•ZemlnV ‘Cfiu 

where 

n  is  the  number  of  sections  on  one  line; 

1^,  are  inductance  and  capacitance  of  one  section. 

Using  dual  artificial  lines  in  the  discharge  loop  of  a  pulse  modulator 
has  a  number  of  advantages  associated  with  the  fact  that,  for  given  output 
data  on  the  modulator,  the  voltage  to  which  the  lino  is  charged  is  cut 
in  half.  The  operating  voltage  on  the  hydrogen  thyratron  is  thus  reduced  by 
half. 

A  linear  modulator  with  dual  lines  is  more  complicated  in  its  circuitry 
and  construction  than  a  modulator  with  one  forming  network. 
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7.19  Magnetic  Pulse  Modulators 

Pulse  modulators  using  nonlinear  inductances  as  switching  elements  are 
called  magnetic  pulse  modulators. 

Nonlinear  inductances.,  made  in  the  form  of  chokes,  autc transformers, 
or  transformers  with  special  alloy  cores,  are  called  magnetic  switches. 

The  inductance  of  a  choke  L  with  a  ferromagnetic  core  is  equal  to 

L  -  N^n/t,  (7-32) 

where 

N_  i3  the  neither  of  turns  in  the  winding; 

S  is  the  cere  section; 
c 

:  is  average  length  of  magnetic  lines  in  the  core; 
m  is  magnetic  permeability  of  the  core  material. 

The  inductance  of  a  magnetic  switch  depends  on  the  degree  of  magnetisa¬ 
tion  of  its  core.  If  a  ferromagnetic  material  has  a  hysteresis  loop  as 
shown  in  Figure  7.51,  its  magnetic  permeability  (equal  to  the  ratio  of  an 
increment  of  magnetic  induction  to  an  increment  of  field  potential;  i.e., 
u  *  4B/SH)  in  the  saturated  state  a  (regions  1-2  and  l'-2>  in  fig.  7-51 ), 
is  considerably  less  than  permeability  in  the  nonsaturated  state  jj, 

(region  1-1*).  Consequently  inductance  of  a  magnetic  switch  in  the  un¬ 
saturated  state  (L)  will  be  considerably  more  than  at  saturation  (L^). 

The  impedance  of  a  choke  in  the  unsaturated  state  will  also  be  greater  than 
at  saturation.  This  fundamental  property  of  nonlinear  inductances  is  used 
in  magnetic  switches. 


Figure  7- 51*  Hysteresis  loop  of  special  alloys 
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The  core  material  should  have  certain  properties.  Primarily,  the 
hysteresis  loop  of  the  alloy  should  be  almost  rectangular,  and  its  area 
as  small  as  possible-  With  such  properties,  permeability  of  the  core 
material  varies  drastically  when  the  material  saturates  (p./ps  ^  2000) » 
the  material  switches  from  one  state  to  another  with  low  field  potentials, 
and  hysteresis  losses  are  small - 

A  ferrogmagnetie  material  should  also  have  the  greatest  possible 
magnetic  induction  at  saturation  B^,  thus  permitting  a  reduction  in  the 
required  volume  of  the  core,  and  accordingly,  in  the  dimensions  and  weight 
of  the  commutator. 

The  core  material  should  have  high  resistivity  to  reduce  eddy  current 
losses-  To  further  reduce  these  losses,  cores  are  wound  ox  ribbons  from 
10  to  80  microns  thick. 

Various  ferromagnetic  alloys  with  the  required  properties  have  been 
produced.  The  best  of  these  are  nickel  permalloy  type  60  NP,  65  NP, 
and  others.  Table  7-8  shows  the  characteristics  of  some  alloys- 


Table  7-8 

Characteristics  of  some  ferromagnetic 
alloys 


1 

C*u» 

2 

TciUHKi 

»CM|  MM 

1 

tucMwemi 
Of  46;** 

K 

1  5ko»puii- 

1  Txaiu* 
ouu 
fJK,  CJm 

6  r&ttwtoe 
conpeiusae- 

rue 

7 

yatcuuii 

MC 

C/Jt* 

50  3P 

0,05 

1,6 

3S— Vi 

24 

45 

5,2 

65  HP 

0.01 

0,05-0,10 

1,3 

52—57 
55— 93 

i  43 

12 

30 

3,35 

a  i\KMP 

0,02—6,04 

0.35 

1,3 

1,55 

55 —  90 

56— 35 

16 

5.6 

52 

6.3 

30  NKhS 

0.05-0,1 

0.2—0.34 

0,7 

16 — 3 
1,6 

65 

3,5 

79  NMA 

0,01 

0.2 

0,75 

— 

S,0 

1,6 

56 

S,65 

E310 

0,05—0,09 

0,05 

1,6 

40—42 

71 

4,0 
l  32 

52 

S.S 

0.05 

i 

1.7 

66 

36 

1 

Key:  1  -  alloy;  2  -  plate  thiclciess,  ram;  3  -  saturation  induction  B  , 
veber/m^;  4  -  Bq/B*.,  ?•;  5  -  coercive  force,  Hc,  a/m;  6  -  specific 
impedance,  p^-10-3 1  ohm-m;  7  -  specific  weight,  kg/m^. 

A  schematic  of  a  magnetic  modulator  is  illustrated  in  Figure  7-52- 
Magnetic  modulators  usually  have  an  ac  supply,  so  ac  voltage  is  supplied 
to  input  terminals  1-2.  Transformer  Tr  steps  up  voltage  to  the  required 
value.  Charging  choke  CC  assures  the  required  charging  mode  for  the  first 
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storage  capacitor  .  Saturation  chokes  MK^,  HK01  and  MK^  are  magnetic 
switches.  Artificial  line  AL  and  pulse  transformer  PT  hare  the  customary 


Capacitors  and  are  equivalent  and  equal  to  the  total  capacitance 

C,  .  of  the  artificial  line, 
line 

Inductances  of  the  magnetic  switches  arc  chosen  so  that  each  is  con¬ 
siderably  smaller  than  the  preceding  one,  i.e-,  in  a  nonsaturated  state 


L1  *  L£  *  V 


At  saturation  also  L  >  L_  >  L.  .  Inductance  of 
Is  2  s  3  s 


the  first  switch  in  a  nonsaturated  state  should  be  several  times  larger 
than  inductance  of  the  charging  choke.  Usually 

Thc  first  switch  has  an  additional  winding  for  initial  magnetization 


from  the  dc  source  (through  terminals  9-10). 

Inductance  of  the  final  switch  MK^  in  a  nonsaturated  state  should  be 
considerably  larger  than  the  inductance  of  the  pulse  transformer  primary 
winding t  and  at  saturation  it.  should  not  be  larger  than  the  inductance  of 
a  segment  of  the  AL. 

In  a  magnetic  modulator  there  are  three  principal  parts:  input  circuit. 


transforming  stages »  and  final  stage. 

The  input  circuit  comprises  capacitor  C^f  charging  choke  CC,  and  the 
step-up  transformer,  which  serves  to  charge  C^.  The  charging  choke  is  chosen 
so  that  the  circuit  is  tuned  to  the  frequency  of  the  generator  supplying 
the  modulator,  i-e. , 


“b =  1/V^  =  v 

If  there  is  no  initial  energy  etored  in  the  circuit,  voltage  (fig.  7*53*) 
on  the  secondary  winding  of  the  step-up  transformer 


e  =  E  sin  ®  t.  (7*33) 

m  g 

Voltage  on  the  capacitor  will  vary  as  shown  in  Figure  7*53b.  Mathe¬ 
matically  this  voltage  is  described  by  the  equation 


ac.  =  QE«  («— '  —  1)  cos  V.  (7-34) 


(7.36) 
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where 

Q  is  the  figure  of  merit  of  the  input  circuity 
Cf  is  the  attenuation  factor  of  the  circuit; 

is  the  intrinsic  angular  frequency  of  the  circuit. 


Figure  7-53  -  Graphs  of  voltage  and  magnetic  induction  in  the 
input  stage  of  a  magnetic  modulator. 


In  the  initial  state  is  at  negative  saturation,  i.e.,  initial  mag¬ 
netic  induction  in  its  core  B(0)  =  -B  - 

.  s 

An  increment  of  magnetic  induction  aB  in  the  core  is  associated  with 
voltage  on  the  choke  by  the  equation 


where 


10* 

NtSs 


(7.35) 


&3  is  in  vsec/in2; 

*  -  2 
S  xn  cm  ; 
c 

u  is  voltage  in  volts- 

Voltage  u*  acts  at  points  3-4  of  the  circuit.  It  is  applied  simultaneously 

w, 

to  the  four  sequentially  switched- in  elements  HK^,  MK^,  and  PT.  Since 

the  inductance  of  the  first  switch  is  considerably  larger  than  the  inductance 
of  all  the  following  elements,  voltage  uci  is  applied  almost  entirely  to 
the  first  switch. 


With  a  variation  in  as  shown  in  Figure  7 -53b,  at  the  very  beginning 
of  the  charging  stage,  the  first  magnetic  switch  is  taken  out  of  negative 
saturation,  and  then  its  magnetic  induction  begins  to  rise. 

The  increment  of  magnetic  induction  satisfies  (7-35) 9  and  total  in¬ 
duction  in  the  core  varies  as  shown  in  Figure  7- 53b- 
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Figure  7.34.  Equivalent  circuit  o f  the  discharge  loop  of  a  trans¬ 
former  stage* 


Magnetic  induction  is  maximum  at  t^,  when  changes  polarity.  At 
this  time,  the  core  should  not  be  in  a  state  of  positive  saturation.  After 
the  MK^  core  is  demagnetized  by  a  voltage  of  reverse  polarity  on 
capacitor  C^.  Demagnetization  takes  place  more  rapidly  than  magnetization. 
It  continues  until  the  core  returns  to  the  original  state  of  negative 
saturation  (moment  t2).  In  the  saturated  state  the  impedance  of  MX^  is 
radically  reduced,  and  capacitor  C  begins  to  discharge  into  capacitor  C  . 

The  equivalent  circuit  of  the  discharge  is  shown  in  Figure  7*54. 

At  the  initial  moment  of  discharge,  voltage  on  capacitor  is  equal  to  the 
amount  to  which  it  v*s  charged.  The  process  of  discharging  capacitor 
through  the  saturated  first  switch  into  capacitor  ^  *a  accompanied  by  a 
drop  in  voltage  on  both  capacitors  as  shown  in  Figure  7*55-  Note  that 
in  this  period  is  not  saturated  and  does  not  permit  capacitor  to  dis¬ 
charge  into  AL. 


Figure  7-55-  Voltage  and  current  in  the  transformer  and  final 
stages  of  a  magnetic  modulator- 


Analytically,  voltage  on  the  capacitors  during  recharging  is  described 
by  the  following  equations 


**C,*  ** - +  COS  Wp) 


(7-36) 


uc.»Tl  *= — f-  Cl— ««“*4 


where 


k  is  the  number  of  discharging  capacitors; 


(7.37) 
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k  -t-  1  is  the  capacitor  following  the  discharging  capacitor; 
U  is  voltage  to  which  the  capacitor  was  charged; 


is  the  intrinsic  angular  frequency; 

ceq=  Vk+l'Wl  =  V2  <iS£Umi"3  Ck  “  Scl1* 

In  this  case,  uc  fc  =  iiQ,  and  uc  =  u^.  Voltage  is  applied 
across  points  5-6,  i.e.,  it  is  applied  to  three  elements:  MK^,  MK^,  and 
the  primary  winding  of  the  pulse  transformer.  Since  the  inductance  of 
MK?  is  much  larger  than  the  remaining  inductances,  the  voltage  acts  principally 
on  MK2. 

Voltage  ,  in  accordance  with  (7.35),  causes  a  change  in  magnetic 
induction  in  the  core  of  the  second  switch. 


When  voltage  on  the  second  capacitor  reaches  its  maximum,  the  core  of 
MK2  saturates,  and  capacitor  C2  begins  to  discharge  into  the  At. 

Voltage  on  capacitor  varies  in  accordance  with  (7*38).  and  voltage 
on  the  line  (with  total  Capacitance  C.  ^  -  C^)  varies  in  accordance  with 

(7-37). 

Voltage  u3inei  i-e-,  at  points  7-8,  principally  acts  on  MK^.  '»ben 
line  voltage  reaches  its  maximum,  switch  MKj  saturates  and  begins  to  dis¬ 
charge  the  AL  into  the  load  through  the  pulse  transformer. 

In  the  circuits  C^,  and  C?,  MK^,  voltage  and  current  are  trans¬ 

formed.  turation  of  the  processes  is  reduced,  but  discharge  current  from 
stage  to  stage  is  increased.  Accordingly,  these  circuits  are  called 
transformer  stages. 

Duration  of  the  process  in  the  k&  stage  is  equal  to  half  the  period  of 
intrinsic  oscillations,  i.e.. 


(7-38) 

where 

is  the  inductance  of  the  kH>  switching  choke  at  saturation. 

The  final  stage  consists  of  an  artificial  line,  magnetic  switch 
and  the  pulse  transformer.  The  line  is  discharged  into  the  primary  winding 
of  the  pulse  transformer  loaded  "by  a  SHF  generator  in  the  same  way  as  for 
the  customary  linear  modulator.  This  forms  a  voltage  pulse  of  the  given 
length,  determined  by  the  artificial  line  parameters. 

This  circuit  is  called  a  choke  circuit,  since  its  magnetic  switches 
use  a  variety  of  choke.  Composite  circuits  are  sometimes  used  in  practice, 
in  which  auto  transformer  3  and  transformers  are  used  together  with  chokes. 

In  this  case,  an  input  transformer  is  not  required,  since  the  required 
voltage  increase  may  be  obtained  in  transformer  stages  with  switching  auto- 
trejisformers  or  transformers. 

There  are  usually  three  or  four  transformer  stages  in  a  modulator. 

If  the  modulator  power  is  increased,  the  number  of  stages  is  raised  to  six. 
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Magnetic  modulators  arc  higtily  reliable,  mechanically  rugged,  and  require 
no  wana- up  rime-  They  may  be  constructed  with  any  desired  output  parameters; 
in  particular,  there  are  no  factors  which  would  limit  the  possibility  of 
obtaining  the  necessary  powers. 

7-20  Radio  Transmitter  Circuits 

In  recent  years  multistage  radio  transmitters  using  floating  drift  klystrons 
and  oKplitror.s  in  the  output  stages  have  comet  into  wider  use.  A  typical 
block  diagram  of  a  pulsed  transmitter  with  a  floating-drift  klystron  is 
shown  in  Figure  7-56-  The  klystron  generator  exciter  is  &  multistage  device 
with  repeated  frequency  multiplication  and  amplification  of  the  r.f. 
oscillations.  Fairly  powerful  oscillations,  stable  in  frequency  and  phase, 
are  obtained  at  its  output. 


Figure  7-56.  Block  schematic  of  a  transmitter  with  a  floating  drift 
klystron. 

1  -  exciter;  2  -  klystron  generator;  3  -  pulse  modulator 
of  the  exciter;  4  —  pulse  modulator  of  the  klystron 
generator;  5  “  control,  blocking  and  signaling  system; 

6  -  cooling  system;  7  -  supply  source. 

"The  oscillations  are  modulated  in  the  exciter  and  the  klystron  generator 
by  separate  pulse  modulators. 

One  possible  circuit  of  a  klystron  generator  is  shown  in  Figure  7-12# 
Quart 2- crystal  oscillators,  stabilitro ns,  and  reflex  kly-trons  are 
used  in  the  exciter  master  oscillator  in  the  latter  case  (fig.  7-57)- 
Referenec  voltage  cX  the  stable  frequency  is  taken  off  after  the  oscillations 
of  the  quartz-crystal  oscillator  used  in  the  AFC  system  have  been  frequency- 
multiplied.  , 

Frequency  modulation  ♦fig.  7.57)  is  accomplished  by  applying  a 
modulating  voltage  to  the  reflex  klystron- 

The  complexity  of  the  exciters  in  more  powerful  klystron  transmitters 
is  indicated  in  Figure  7*58.  Fere  a  quartz-crystal  oscillator  is  used  as  a 
master  oscillator*  Electron  tube  amplifiers  and  frequency  multipliers,  using 
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Figure  7-57-  Block  schematic  of  a  klystron  transmitter. 

1  -  video  amplifier;  2  —  reflex  klystron;  3  -  klystron 
amplifier;  4  -  intermediate  frequency  amplifier;  5  - 
amplifier;  6  -  rectifier;  7  -  mixer;  8  -  discriminator; 
9  -  magnetization  rectifier?  10  -  frequency  multiplier 
stages;  11  -  quartz-crystal  oscillator;  12  -  supply, 
control,  and  protection  circuit. 


SHF  xriodes,  amplify  the  oscillations  and  raise  their  frequency.  Amplitude 
modulation  is  accomplished  by  applying  a  modulating  voltage  to  the  output 
stage  klystron. 


Figure  7-58.  Block  schematic  of  a  klystron  transnitter  with 
electron  tube  exciter. 

1  -  klystron  generator;  2  -  doubler;  3  -  tripler;  4  - 
supply  unit;  5  "  control  and  protection  circuit;  €  - 
modulating  signal  amplifier;  7  -  high  voltage  rectifier; 
8  -  focusing  winding  supply  rectifier. 


In  pulsed  radio  transmitters  pulse  modulation  in  the  electron  tube 
frequency  multipliers  and  the  amplifiers  of  the  exciter  is  carried  on  simul¬ 
taneously  with  pulse  modulation  in  the  klystron  generator. 

Floating  drift  multiplier  klystrons,  ampli irons,  and  traveling  wave 
tubes  may  be  u.~ed  in  the  exciter  stages. 
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Figure  7-59-  Schematic  of  the  radio  frequency  channel  of  a  klystron 
transmitter. 

i  -  reflex  klystron;  2  -  resonator;  3  -  throe-cavity 
floating  drift  klystron  with  magnetic  focusing)  4  - 
four-cavity  floating  drift  klystron  with  electromagnetic 
focusing. 


Figure  7-59  shows  a  simplified  schematic  of  the  radio  frequency  channel 
of  a  three-stage  klystron,  transmitter.  A  reflex  klystron,  1,  with  a  high-Q 
resonator,  2,  serves  as  the  master  oscillator.  Amplification  and  frequency 
multiplication  are  accomplished  by  a  floating  drift  klystron,  3,  with 
magnetic  focusing.  Floating  drift  klystron  4  with  electromagnetic  focusing 
is  used  in  the  output  stage. 

Figure  7-60  shows  a  block  diagram  of  a  pulsed  radio  transmitter 
using  piatinotrons. 


Figure  7.60.  Block  diagram  of  a  pulsed  transmitter  using  piatinotrons- 

1  -  tuning  mechanism;  2  —  longitudinal  deflection  mechanism; 
3  -  cavity  resonator;  4  -  stabilitron;  5  —  reflection 
element;  6  —  reflected  wave  attenuator;  7  “  aaplitron; 

8  -  tube  modulator;  9  -  cooling  system;  10  -  linear 
modulator;  11  —  to  load;  12  -  triggering  pulses. 

A  stabilitron  serves  as  exciter.  A  high-Q  cavity  resonator,  tuned 
over  a  determined  frequency  range  with  the  tuning  mechanism,  is  connected 
to  its  input,  and  a  reflecting  element  is  connected  to  its  output.  The 
feedback  necessary  for  self-excitation  is  accomplished  by  reflecting  part 
of  the  energy.  Feedback  phase  is  controlled  by  moving  the  reflector  along 
the  coupled  vaveguide. 
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A  decoupling  attenuator  is  connected  after  the  reflecting  element  to 
decrease  the  effect  of  the  amplitron  on  the  master  oscillator*  A  ferrite 
rectifier  vhich  slightly  attenuates  the  forward  wave  and  blocks  propagation 
of  wave  in  the  backward  direction  is  often  used  as  a  decoupling  element* 

An  amplitron  is  used  in  the  output  stage.  Separate  pulse  modulators 
serve  to  control  oscillations  of  the  exciter  and  the  amplitron  output 
generator.  An  electron  tube  modulator  is  used  to  control  the  less  powerful 
master  oscillator,  which  is  under  rigid  requirements  relative  to  frequency 
stability  and  phase.  The  output,  amplitron  generator  is  controlled  by 
the  less  powerful  linear  modulator.  The  pulse  modulators  are  synchronized 
from  one  source. 

Figure  7*61  shows  a  simplified  circuit  of  a  radio  frequency  circuit  of 
an  amplitron  transmitter.  Traveling  wave  tube  1  is  used  in  the  first  stages 
of  the  exciter.  Ampl  it rons  operate  in  the  following  stage  3  of  the  exciter 
and  in  the  output  stage  5  of  the  transmitter.  Ferrite  devices  2  and  4  are 
used  for  stage  decoupling. 


Figure  7.61.  Circuit  of  the  radio  frequency  channel  of  an  amplitron 
transmitter. 

1  -  traveling  wave  tube;  2,  4  -  ferrite  devices; 

3  —  amplitron  of  the  exciter  following  stage;  5  -  aopli- 
tron  of  the  transmitter  output  stage. 

Carcinotrons,  klystrons,  and  other  generating  devices  may  be  used  as 
master  oscillators  in  amplitron  transmitters.  The  frequency  of  the 
amplitron  transmitter  may  be  adjusted  over  a  given  range  with  electronic 
or  mechanical  timing  arrangements.  Air.pl it rons  cannot  be  tuned  as  wideband 
devices  in  this  case. 
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Chapter  VIII 

Radio  Receiving  Devices 


8.1  General  Information  on  Radio  Receiving  Devices 

Radio  receiving  devices  are  designed  to  separate  signals  of  a  certain 
frequency  and  shape,  to  subsequently  amplify  them,  ono  to  coovert  them  to 
the  form  required  to  trigger  the  final  stage  (indicator). 

The  most  common  form  of  a  radio  receiving  device  at  the  present  time 
is  the  superheterodyne  receiver,  such  as  that  shown  in  the  block  diagram 


Figure  8.1.  Block  diagram  of  a  radio  receiving  device. 

1  -  frequency  converter;  2  -  input  device;  3  ”  high 
frequency  amplifier;  4  -  mixer;  5  -  intermediate  frequency 
amplifier;  6  -  f^s  7  •  detector;  8  -  low  frequency 
amplifier;  9  -  final  stage;  10  -  heterodyne. 


Frequency  selectivity  is  accomplished  in  high  frequency  and  intermediate 
frequency  amplifiers.  Secondary  conversion  (detection)  of  the  signals  into 
a  shape  required  for  operation  of  the  final  stage  is  accomplished  in  a 
detector. 

The  frequency  converter  is  required  to  simplify  signal  amplification; 
this  is  done  principally  at  an  intermediate  frequency  f^  which,  is  lower 
than  the  received  signal  and  which  does  not  vary  when  the  receiver  operates 
in  a  range  of  frequencies.  Amplification  of  the  signals  to  a  value  required 
to  operate  the  final  stage  is  primarily  effected  in  the  intermediate  frequency 
amplifier  stages  and  partially  in  the  high  frequency  amplifier  end  video 
amplifier  (low  frequency  amplifier).  The  stages  of  the  receiver  (fig-  8.1) 
up  to  the  detector  comprise  the  linear  part  of  the  receiver. 

Radio  receivers  are  classified  according  to  the  form  of  the  signal 
rvco>*ed  (pulse,  frequency  modulated,  etc.),  the  operating  frequency  range 
(meter,  decimeter,  centimeter,  and  millimeter  wave  length  receivers),  and 
ether  factors. 

Depending  on  their  purpose,  receivers  may  be  distinguished  not  only 
by  the  form  of  the  received  signal  and  the  operating  frequency  range,  but 
also  by  circuit,  construction  and  performance  figures. 
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8.2  3asic  Performance  Figures  of  Receivers 

The  sensitivity  of  a  receiver  characterizes  its  capability  to  receive 
-  weak  radio  signals.  It  is  quantitatively  described  by  the  value  of  the 
limiting  and  actual  sensitivity. 

The  limiting  sensitivity  of  a  receiver  P'  or  E'  .  is  defined 

r  man  r  min 

as  that  minimum  power  Cor  emf)  of  the  signal  in  the  antenna  which,  if  the 

antenna  and  receiver  are  matched,  produces  at  the  output  of  its  linear  part 

a  signal-to-noi.se  ratio  equal  to  one. 

Actual  sensitivity  of  the  receiver  P  (or  E  .  )  is  defined  as  that 

r  man  r  man 

power  (or  emf)  in  the  antenna  which  produces  at  the  output  of  the  linear 
part  «f  the  receiver  a  signal-to-noise  ratio  equal  to  the  discrimination 
factor.  For  decimeter  waves  and  shorter,  sensitivity  is  measured  in  watts 
or  decibels,  for  meter  mo  longer  waves,  it  is  measured  in  volts  (micro¬ 
volts)  . 

Accordingly 


P  .  Idb]  =  10  log  P  Jv]/P  fuG, 
r  man  re  I  '  r  min 

where 

P  .  is  the  power  of  a  reference  level  (usually  P  ,  -  10  ^  watts), 
ref  rel 

Receiver  sensitivity  varies  inversely  with  the  value  of  or 

E  .  •  In  present-day  decimeter  and  centimeter  wave  receivers.  P  a 

r  min-  r  mzjl 

«  lo"  **  to  ICT  watts,  in  oeter  wave  receivers  and  above  E  »  2  to 

r  man 

50  microvolts. 

At  SHF,  sensitivity  is  primarily  limited  by  internal  noise  of  the  re¬ 
ceiver.  Receiver  noise  is  characterized  by  the  noise  figure  N,  which  in¬ 
dicates  by  how  many  times  the  total  noise  at  the  input  (or  output)  of  the 
device  is  larger  than  total  noise  in  the  signal  source  at  its  input  (output). 

Since  noise  from  the  signal  source  is  supplemented  by  internal  noise 
of  the  receiver,  the  signal/noise  ratio  at  the  receiver  output  will  be 
snail er  than  at  its  input.  This  deterioration  is  also  characterized  quanti¬ 
tatively  by  the  noise  figure. 

The  noise  figure  N  of  a  device  is  defined  as  the  ratio  of  signal/noise 
power  at  the  input  to  the  signal/noise  power  at  the  output: 


N 


(Wi= 

TJTrat 


(8.1) 


The  noise  figure  is  measured  in  relative  units  and  decibels,  where 
=  10  log  For  an.  ideal  (no-noise)  stage  N  =  1.  Actually,  in 

modern  radar  receivers  N  =  1  to  10. 

The  noise  properties  of  a  receiver  are  also  characterized  by  the  effective 
noise  temperature  associated  with  N  by  the  equation 


Teff  ^  VJJ-I) 
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v»,re 

Tq  =  300“*.. 

The  noise  figure  of  a  receiver  is  primarily  determined  by  noise  in 
the  first  stages-  Thus,  the  first  stages  (high  frequency  amplifier  stages) 
should  be  low  noise  in  order  to  decrease  the  noise  figure  and  increase 
sensitivity  of  the  receiver. 

Gain  characterizes  the  amplifying  properties  of  the  receiver.  A 

distinction  is  made  between  power  gain  (JC  )  and  voltage  gain  (K.). 

P 

Power  gain  Kp  is  defined  as  the  ratio  of  power  at  the  output  of  the 

device  P  to  power  at  the  input,  P.  , 
out  1  in 


K  -  P  /P.  . 
p  out'  in 


Voltage  gain  is  defined  analogously: 


K  »  U  J  V.  . 

out'  in 


If  the  input  and  output  stages  are  matched  and  the  stage  requires  the 

n 

maximum  possible  (i.e. ,  nominal)  power  P.  .  from  the  signal  source  (the 

X  in 

preceding  stage  or  antenna)  and  delivers  nominal  power  to  the  load, 

the  ratio  of  these  powers  is  defined  as  the  nominal  power  gain; 


np 


n  out 

?  . 
n  in 


The  greater  the  K  of  a  given  stage,  the  less  the  effect  of  noise 
in  the  following  stages  on  the  receiver  sensitivity*  Gain  is  given  in 
relative  units  or  decibels,  where  -  2 Ct  log  K  or  -  10  log  K 


In  Moaon  receivers  total  gain  EC  -  (0.1-10)  *  10°;  -  (0.1 -10)  -  1013 ; 

S  *  (0.1-10)  -  1013. 
np 


Gain  is  a  complex  quantity,  since  between  input  and  output  voltages 
there  is  a  phase  shift  due  to  reactive  elements.  The  relationship  of  the 
gain  modulus  to  the  frequency  is  called  the  frequency  characteristic,  and 
the  relationship  of  the  phase  shift  angle  between  Uout  end  (argument 
of  K)  to  frequency  is  called  the  phase  characteristic  (Fig.  8.2). 

The  pass  band  of  a  receiver  characterizes  its  selective  properties 
and  determines  the  region  of  frequencies  passed  at  the  same  time  by  the 
receiver.  Width  of  the  pass  hand  is  determined  (Fig.  8.2)  as  the  difference 
of  frequencies  f^  and  f1  for  which  K  is  decreased  by  '/2  and  K  is  half 
of  its  maximum  value. 


For  pulse  receivers  there  is  ah  optimum  or  quasi-optimum  pass  band, 
for  which  the  signal/noise  ratio  at  the  output  of  the  linear  part  of  the 
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Figure  8.2.  Frequency  and  phase  characteristics  of  a  receiver. 

receiver  is  maximum.  The  optimum  band  depends  on  the  form  and  length  of 
the  pulse  and  is  determined  by  the  equation 

Aftpt-  ^T,-7-.  (8.2) 

where  -  length,  of  the  received  pulse; 

0,8  for  a  bell-shaped  pulse; 

1, 37  for  a  rectangular  pulse. 


In  actual  radar  station  receivers  AF  ,  =  0.1-1  KHz. 

opt 

When  the  pass  band  of  a  radio  receiver  is  shifted  free  the  optimum 

(i.e. ,  when  A?  >AF  ,  or  AF  <AF  the  signal /noise  ratio  at  the  output 

p  opt  p  opt 

of  its  linear  section  beccces  worse.  This  is  caused  by  different  spectral 
distributions  in  the  frequency  of  the  pulse  signal  and  the  noise. 

limiting  sensitivity  of  the  pass  band  and  the  noise  figure  are  as  so- 


(8.3) 

(8.4/ 


radiation  resistance  of  the  antenna  in  fl. 


The  range  of  a  receiver  is  characterized  by  the  ability  of  the  receiver 
to  operate  in  a  range  of  frequencies  and  determines  primarily  the  noise 
shielding  of  the  receiver  from  antenna  interference.  It  is  quantitatively 
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determined  by  the  dynamic  range  of  the  input  D  and  output  D  signal. 

in  out 

Dynamic  range  of  the  input  signal  D.  is  defined  as  the  ratio  of 

in 

maximum  input  voltage  U  at  which  the  receiver  is  not  overloaded,  to 

in  max 

minimum  input  voltage  U.  .  ,  corresponding  to  the  limiting  sensitivity  of 
in  nun 

the  receiver: 


D. 


in 

in  min 


(8.5) 


Dynamic  range  of  the  output  signal  is  found  analogously! 


out  max 


out  U 


out  min 


ca.s) 


These  values  are  sometimes  determined  by  power: 


p  m 


p  out 


out  max 


(8.7) 

(8.3) 


They  arts  measured  in  relative  units  or  decibels,  t>dB  -  20  log  D; 

D  _  m  10  log  D  .  In  comoa  receivers  D.  should  be  greater  than  70  to  80  dB. 
pah  p  in 

Hie  relationship  of  uout  *to  U.^  is  called  the  amplitude  characteristic  of 
the  receiver* 

Radio  receivers  are  also  characterised  by  the  operating  stability, 
efficiency,  and  technical-economic  indicators  (cost,  weight,  dimensions, 
etc*)* 


8*3  Optimum  Reception 

Reception  of  useful  signals  in  practice  is  accompanied  by  internal 
and  external  fluctuation  interference  (noise)*  A  receiver  which  provides 
the  best  reception,  evaluated  by  an  arbitrary  criterion,  in  the  presence 
of  noise  is  called  an.  optimum  receiver.  Receiving  a  signal  in  the  presence 
of  noise  requires  a  solution  to  one  of  the  following  two  problems:  f- 

detecting  the  signal;  i.e. ,  establishing  the  presence  or  absence  of 
a  signal; 

discriimnating  the  signal;  i.e. ,  finding  the  form  of  the  signal 
oscillations  or  one  (sometimes  several)  of  the  parameters  of  this  oscillation 
(amplitude,  arrival  time,  etc*)* 

The  problems  of  detecting  and  discriminating  have  much  in  common  and 
in  many  cases  may  be  solved  at  the  same  time*  But  these  problems  also 
have  many  differences-  Thus  an  optimum  signal  detector  may  not  be  an 
optimum  discriminator,  and  vice  versa*  The  predominant  problem  in  radar 
is  the  problem  of  detection* 
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Criteria  for  an  optimum  receiver.  In  the  process  of  detecting  a 
signal  two  types  of  errors  arc  possible:. 

detecting  a  signal  when  in  fact  there  is  only  noise  (false  alarm)  ; 
not  detecting  a  signal  when  there  actually  is  one  (signal  omission). 

Criteria  have  been  set  up  in  relation  to  the  probability  of  errors. 

According  to  the  criterion  of  an  ideal  observer,  a  receiver  is  con¬ 
sidered  optimum  if  it  assures  a  minimum  probability  of  error  of  any  type. 

According  to  the  Newaan- Pearson  criterion,  a  receiver  is  considered 
optimum  if  it  has  a  maximum  probability  of  correct  detection,  a  minimum 
probability  of  omitting  &  signal  with  a  given  probability  of  false  alarm. 

The  hta*man-Pearsoci  criterion  is  the  most  feasible  for  radar.  Other  optimum 
criteria  are  known  {2j.ee  criterion,  mini-max  criterion,  information  loss 
criterion)  . 

In  the  general  case,  the  criterion  applied  to  a  receiver  depends  on  its 
■construction  and  prcjjerties. 

Two  types  of  optimum  receiver  may  be  used  for  detecting  a  radar  signal : 
a  receiver  with  an  optimum  filter  and  a  correlation  receiver. 

A  receiver  with  an  optimum  filter  may  solve  two  problems: 

reproduction  of  the  information  carried  by  the  signal  U^(t)  with 
the  nrinimam  mean  square  error; 

reproduction  of  the  signal  U^(t)  with  mrniimim  mean  square  error. 

For  a  radar  station  detector,  detection  is  the  main  problem;  conse¬ 
quently  an  optimum  receiver  amounts  to  a  linear  filter  and  a  following 
detector  (Fig.  8-3).  In  this  case,  that  linear  filter  which  provides 
maximum  signal/noise  ratio  at  the  detector  output  is  the  optimum.  Construe- 
tion  of  the  filter  is  strictly  dependent  on  the  signal  spectrum.  The  filter 
is  optimum  whose  complex  frequency  characteristic  is  proportional  to  the 
complex-conjugate  spectrum  of  the  received  signal  (see  Chap.  X).  For 
example,  for  a  sequence  n  of  periodic  radio  pulses  (for  a  series  of  signals 
reflected  from  the  target)  an  optimum  filter  (Fig.  8.4)  consists  of  two 
series  blocks  X^(jcu)  and  K^(jcu)  and  has  a  saw-tooth  frequency  characteristic 
(Fig.  S-5  b)  .  Block  K^(jio)  is  an  optimum  filter  for  a  single  radio  pulse 
and  is  realized  as  a  system  (Fig.  8.6).  Structure  and  frequency  charac¬ 
teristic  of  block  K^(jti))  strictly  depends  on  the  number  of  pulses  n. 

For  n^l,  this  block  has  a  saw-tooth  frequency  characteristic  (Fig.  8.5  b) 
and  for  this  reason  is  called  a  saw-tooth  filter.  For  finite  n,  a  saw¬ 
tooth  filter  is  realized  as  a  delay  line  DL  with  (n-1)  taps  and  isolation 
stages  (Fig.  8.7).  For  r r*»,  a  saw-tooth  filter  may  be  realized  as  a  wide¬ 
band  stage  with  delayed  negative  feedback  (Fig.  8.8)  with  _  For  a 

finite  number  of  pulses,  the  latter  filter  (Fig.  8*8)  is  not  optimum. 
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Figure  S-3-  Block  diagram  of  an  optimum  receiver  with  a  filter* 
1  ~  linear  filter;  2  —  amplitude  detector. 


Figure  8-4.  Block  diagram  of  an  optimum  filter  for  a  sequence  of 
pulses. 


Figure  8-5*  Frequency  characteristics  of  an  optimum  filters 

a)  for  block  X  ;  b)  for  block  X  ;  c)  for  the  filter  as 
a  whole*  1  “ 


Figure  8.6* 


Structure  of  block  ir  an  optimum  filters 
l)  integrating  circuit;  2)  summing  stage. 
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Figure  8.7- 


Structure  of’  block  in  an  optimum  filter  for  finite  n 
(IS  -  isolation  stages;  SS  -  steaming  stage) 


Figure  8.8.  Structure  of  the  block  in  an  optimum  filter  for  n  -*  «. 

Since  it  is  sometimes  difficult  to  realize  optimum  filters,  quasi - 
optimum  filters  have  been  studied  by  V.  I.  Siforov  to  operate  on  rectan¬ 
gular  radio  pulses,  and  by  A.  P.  Belousov  to  operate  on  bell-shaped  radio 
pulses.  The  form  of  the  particular  characteristic  of  the  filter  is  assumed 
given  and  corresponding  to  the  resonance  characteristic  of  the  system  of 
circuits,  and  the  maximum  signal/noise  ratio  at  the  filter  output  is 
assured  only  by  choosing  the  pass  band.  The  latter  is  found  from  equation 
(8.2). 

A  correlation  receiver  permits  optimum  detection  of  signals  with 
completely  unknown  parameters.  For  optimum  correlation  of  a  pulse  radar 
receiver,  besides  the  known  parameters  (signal  frequency,  pulse  length, 
etc.),  the  position,  of  the  expected  reflected  signal  in  time  must  also  be 
known.  In  this  case  there  is  minimum  mean  square  error  in  reproducing 
the  information.  The  block  diagram  of  the  simplest  correlation  receiver 
is  shown  in  Fig.  8.9,  where  y(t)  -  received  oscillation,  x(t)  -  reference 
oscillation,  associated  in  a  particular  way  with  the  signal.  For  example, 
x(t)  -  useful  signal  delayed  by  time  rrf. 


Figure  8.9.  Block  diagram  of  a  correlation  receiver. 
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3-4.  Input  Circuits 

Input,  circuits  are  designed  to  match  the  antenna-feeder  system  to  the 
high  frequency  amplifier,  and,  if  there  is  no  high  frequency  amplifier ,  to 
match  directly  to  the  converter  and  to  carry  out  preliminary  selection. 

Separate  oscillator  systems  or  a  set  of  several  oscillator  systems, 
coupled  together  are  used  as  input  circuits. 

In  the  long,  medium,  and  short  wavelength  ranges  and  in  the  first  part 
of  the  meter  range  (up  to  150-200  MHz)  oscillator  circuits  with  lumped 
parameter*  consisting  of  inductor  windings  and  capacitors  (Fig.  8-10)  are 
used  as  input  (and  also  interstage)  circuits- 


Figure  8.10.  Input  circuit  with  limped  parameters. 

At  frequencies  above  200  MHz  oscillator  systems  with  distributed  para- 
r^eters  are  used-,  since  with  an  increase  in  frequency  the  dimensions  of 
ir.riiirr.nr  windings  decrease,  and  at  frequencies  above  200  MHz  they  are 
impossible  to  construct.  In  addition,  with  an  increase  in  frequency, 
selectivity  of  the  oscillator  system  with  lumped,  parameters  drops  rapidly 
as  a  consequence  of  an  increase  in  active  resistance  in  the  conductors 
because  of  skin  effect. 

At  frequencies  from  200  to  1000  MHz,  long  line  sections  are  used  as 
input  (and  interstage)  circuits,  and  at  frequencies  higher  than  1000  MHz 
cavity  resonators  are  used,  since  here  sections  of  long  lines  are  not 
highly  selective  as  a  consequence  of  losses  due  to  skin  effect.  Cavity 
resonators  have  a  greater  surface  area;  consequently  current  density  in  the 
metal  and  losses  in  Joule  heat  are  small.  In  centimeter  range  radar  stations 
the  input  circuit  is  usually  combined  with  one  of  the  antenna  T-R  tubes. 

Oscillator  circuits  in  the  frequency  range  are  tuned  by  electrical  or 
mechanical  changes  in  one  parameter  or  another.  Electrical  tuning  is 
accomplished  with  ferrites,  f erroel ectric  end  semiconductor  capacitors. 
Mechanical  tuning  is  accomplished  with  variable  capacitors,  short  circuit 
3tubs ,  etc- 

The  input  circuit  may  be  coupled  to  the  signal  source  capacitively, 
inductively,  or  with  an  auto  transformer.  For  a  system  with  distributed 
parameters,  coupled  lines,  an  opening,  or  a  slot  may  he  used* 
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The  fundamental  par^meter-s  of  input  devices  are  the  voltage  or  power 
transmission  coefficients,  K..^  and  K  ^  respectively,  the  pass  band  Aff. n , 
and  the  resonant  frequency  fQ- 

Noise  properties  of  the  input  circuits  in  an  electron  tube  high  fre¬ 
quency  amplifier  are  taken  into  account  in  calculating  the  noise  figure  of 
the  amplifier.  In  other  cases,  the  noise  properties  of  the  input  circuits 
are  calculated  separately  and  are  characterized  by  the  noise  figure  N, 
uniquely  associated  with  the  power  transmission  coefficient  by  the  formula 


N. 

121 


p  in 


The  ratio  of  voltage  (power)  in  the  output  circuit  to  the  emf  (nominal 
power)  of  the  signal  source  is  understood  under  the  voltage  (power)  trans¬ 
mission  coefficient  of  the  input  circuit* 

The  transmission  coefficient  is  myrrimm  when  the  antenna-feeder  system 
is  matched  to  the  input  circuit* 

In  practice,  receiver  inpiit.  circuits  have  X  *  0.7-3 1  Kp  *  0.7-0.95; 

IF  =  5-70  KHz. 


8.5-  High.  Frequency  Amplifiers 

The  purpose  of  a  high  frequency  amplifier  is  to  provide  mininran  total 
noise  figure,  to  suppress  noise  in  the  secondary  channels  of  the  receiver, 
and  to  amplify  at  the  frequency  of  the  received  signal. 

Two-stage  electron  tube  high  frequency  amplifiers  are  used  in  the 
meter  and  decimeter  ranges.  Traveling  wave  tube  high  frequency  amplifiers 
are  used  in  the  centimeter  and  shorter  wave  regions. 

To  decrease  the  noise  figure  at  super-high  frequency,  special  low- 
noise  amplifiers  (parametric  amplifiers,  amplifiers  using  tunnel  diodes, 
quantum  amplifiers)  are  also  used. 

The  basic  parameters  of  a  high  frequency  amplifier  are:  noise  figure 
N,  voltage  gain  X,  nominal  power  gain  K  ,  and  stable  gain  X£. 

Stable  gain  is  defined  as  the  maximum  voltage  gain  at  which  the  stage 
operates  in  a  stable  condition  (docs  not  oscillate).  It  is  inversely 
proportional  to  frequency  and  to  the  capacitance,  coupling  the  input  -and 
output  circuits  of  the  stage. 

Furthermore,  a  high  frequency  amplifier  is  characterized  by  a  resonant 

frequency,  a  pass  band,  and  input  and  output  admittances.  In  practice  the 

high  frequency  amplifiers  of  contemporary  receivers  have,  depending  on 

frequency,  N  =  2-10 5  K  =  10-70;  K  20-300?  K  -  10-100. 

hp  s 
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High  frequency  electron-tube  amplifiers 

The  aosz  common  electron-tube  circuits  ere:  a  two-stage  circuit  using  & 
pentode  with  grounded  cathode  (pentode,  grounded  cathode  -  pentode,  grounded 
cathode),  a  cascade  circuit  (Fig.  8.11)  triode  with  grounded  cathode  — 
triode  with  grounded  grid,  and  a  two-stage  triode  with  grounded  grid  - 
triode  with  grounded  grid  circuit  (Fig.  8.12).  All  of  these  circuits  using 
bant  cm  tubes  and  oscillator  systems  with  lumped  parameters  are  u^cd  at  fre¬ 
quencies  up  to  100-150  MHx}  above  150-200  MHx,  only  the  triode  with  grounded 
grid  circuit  using  bantam  tubes  and  cermet  tubes  and  oscillator  systems  with 
distributed  parameters  are  used. 


Lm 


Figure  8.11.  Cascade  circuit  (triode  with  grounded  cathode  -  triode 
with  grounded  grid). 


Figure  8.12.  Triode  with  grounded  grid  -  triode  with  grounded  grid. 

Figure  8.13  shows  a  schematic  section  of  the  construction  and  equivalent 
circuit  of  a  high  frequency  amplifier  stage  using  a  lighthouse  triode  and 
sections  of  coaxial  lines. 


RA-oi^-68 


315 


Figure  8*13*  Schematic  cross  section  and  equivalent  circuit  of  a 
lighthouse  triode  vith  grounded  grid. 

The  triode  with  grounded  cathode  -  triode  with  grounded  grid  circuit 
(cascade  circuit)  provides  mini  nun  noise  figure  and  lov  input  admittance. 
Because  of  the  low  output  admittance  of  the  first  stage,  a  low  noise  figure 
is  assured  in  the  second  stage.  The  second  stage  (triode  vith  grounded 
grid)  shunts  the  first  (triode  with  grounded  cathode),  thus  providing  stable 
amplification  of  the  first  stage  and  sufficiently  high  nominal  power  gain, 
although  the  voltage  gain  is  sharply  reduced  (X  ^  l). 

A  comparative  appraisal  of  the  basic  parameters  of  electron- tube  high 
frequency  amplifiers  is  shown  in.  Table  8.1. 
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Tab  I '3  8.1.  Ih-o  pert  ics  of  high  frequency  amplifier  stages. 

1.  pentode  (grounded  cathode)  -  pentode  (grounded  cathode) 

2.  triode  (grounded  grid)  -  triode  (grounded  grid) 

3.  triode  (grounded  cathode)  -  triode  (grounded  grid) 
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\m  (cascade  circuit) ;  5-  N  -  large;  6.  K  -  small  5 
>  nP 

7-  K  -  largest;  8  -  -  comparatively  large;  $  -  - 

snail  10  -  K  -  comparatively  so  all :  11.  K  -  large; 
zip 

12.  -  large;  13  -  Nr  -  small;  l4.  -  sufficiently 

high;  15  -  K  -  small;  16.  -  comparatively  high,  but 


first  stage  gain  low  (K  s»  1). 


For  each  stage  of  ail  electron-tube  high  frequency  amplifier  circuits 
the  following  relationships  ore  valid* 


C  5*  St 

*3  '  ^“3  *  S 

(8.S) 

(8.L0) 

K=17'r-~ 

(8-11) 

Stacie  gain  is  determined,  by  the  equations: 

for  triode  with  grounded  cathode  and  pentode  with  grounded  cathode 


circuits 


for  triode  with  grounded  grid  circuit 


(8.12) 


Here 


S.< 


S,  R 


nej 


cr  9r 


c  ,  c  . 

ag  ale 

w 

m 

a 


(8‘I3) 

input  admittance,  transconductance. 


and  equivalent  noise 


resistance  of  the  tube  respectively; 
admittance  of  the  signal  source  (antenna); 
input  circuit  admittance; 

total  admit tance  of  the  input  circuit  (g^  =  g^  qt  ♦ 

*,>! 

total  capacitance  and  total  admittance  of  the  anode  circuit 
of  the  stege  respectively  Cg„  =  g^  +  aout  j  *  9^  J* 
anode- gride  and  anode— cathode  capacitance  of  the  tube; 
frequency  of  the  amplified  oscillations; 
coupling  coefficient  from  the  grid  of  the  following 
stage.  For  complete  coupling  of  the  circuit  m ,  1. 
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Parametric  amplifiers 

Parametric  amplifiers  are  devices  in  which  the  signal  is  amplified  by 
the  effect  of  a  high  frequency  energy  source  periodically  changing  the 
reactive  parameter  (capacitance  or  inductance)  of  the  circuit  and  consequently 
introducing  energy  into  the  circuit. 

Depending  on  the  method  of  changing  reactance  of  the  parametric  amplifier 
circuit,  the  following  types  are  recognized:  semiconductor,  electron  ray, 
ferromagnetic  (ferrite). 

Operating  principles  of  a  semi  conduct or  parametric  amplifier.  The  operating 
principle  of  a  semiconductor  parametric  amplifier  in  -which  the  capacitance 
of  the  circuit  is  Varied,  may  be  explained  on  the  model  of  an  oscillating 
circuit  containing  a  capacitor  (Fig.  8.14)  with  movable  plates. 


a 


Figure  8.14.  Operating  principle  of  a  parametric  amplifier:  a)  model 
of  a  parametric  amplifier;  b)  fora  of  the  signal  at  the 
parametric  amplifier  output;  c)  variation  in  capacitance 
of  a  parametric  nnplifier. 

Until  time  (Fig.  8.14  h)  the  circuit  parameters  do  not  Change, 
and  the  signal  acting  on  the  circuit  has  an  amplitude  U'^.  Beginning  with 
the  capacitor  plates  are  mechanically  separated  by  an  amount  Ad  at  the 
moments  when  the  voltage  and  charge  on  them  is  maximum.  Since  an  electric 
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field  exists  botw oen  the  capacitor  plates,  energy  must  be  expanded  to  shift 
the  plates _  This  energy  cones  from  a  special  source,  called  the  pumping 
Sccorator.  Energy  expanded  in  shifting  the  plates  is  transmitted,  to  the 

electric  field  of  the  capacitor  and  increases  its  energy.  This  leads  to  an 

% 

increase  in  voltage  on  the  capacitor,  since  the  capacitance  of  the  component 
decreased  and  the  charge  remained  unchanged. 

If  the  capacitor  places  are  returned  to  the  original  position  at  those 
moments  when  their  charge  is  equal  to  zero,  then  energy  does  not  leave  the 
circuit.  Periodic  reiteration  of  this  process  leads  to  an  increase  in  the 
energy  supplied  to  tbe  system  and  an  increase  in  the  amplitude  of  the  signal. 
The  energy  introduced  into  the  circuit  is  characterized  by  a  negative 
resistance  r  .  The  greater  the  amount  of  energy  supplied,  the  greater  the 
value  of  r  and  the  greater  the  gain  of  the  parametric  amplifier. 

However,  the  energy  introduced  into  the  circuit  may  not  increase  without 
limit.  If  energy  introduced  into  the  circuit  compensates  the  total  energy 
loss  in  the  circuit,  which  corresponds  to  r_  =  r^,  non- attenuated  oscilla¬ 
tions  arise  in  the  circuit  when  there  is  no  signal,  i.e.,  the  system  self- 
excites  and  begins  to  operate  as  a  parametric  generator.  Signals  cannot 
be  amplified  in  such  a  system.  Here  r^  -  total  resistance  -loss  in  the 
circuit. 

Introducing  energy  into  a  circuit  by  changing  its  reactance  is  usually 
called  parametric  regeneration  to  distinguish  it  from  the  usual  regeneration 
in  tube  amplifiers  produced  by  positive  feedback. 

Oscillations  of  the  pumping  generator,  which  vary  the  capacitance  of 
the  circuit,  should  correspond  in  frequency  and  phase  to  the  signal  fre¬ 
quency.  The  plates  must  be  shifted  twice  during  the  period  of  oscillation 
at  the  moments  of  maximum  voltage  and  charge,  ard  they  must  be  shifted 
twice  at  the  moments  when  voltage  and  charge  are  equal  to  zero  (Fig.  8.l4  b). 

Thus,  this  system  is  a  device  in  which  external  energy  which  changes 
the  capacitance  of  the  capacitor  is  converted  to  signal  energy. 

In  actual  semiconductor  parametric  amplifiers,  a  semiconductor  diode 
whose  capacitance  is  nonlinearly  dependent  on  voltage  and  changes  under 

the  effect  of  tho  ptaping  voltage  from  C  to  C  .  is  used  in  place  of  a 

max  ram 

mechanical  capacitor.  To  simplify  the  pumping  generator,  the  voltage  does 

not  change  in  Jumps,  but  varies  sinusoidally. 

A  parametric  diode  is  characterised  by  the  following  parameters: 

average  capacitanco  C  ,  modulation  index  m,  rcsistar.ee  loss  R  ,  figure  of 
d  s 

meric  Q,  critical  frequency  f  ,  where 

cr  ri  .  /-» 

r  _  max  mm 

S 


2 
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and  modulation  index 


m '  = 


AC 

2C_ 


c  —  c 

max  min 

C  i-  C  .  4 

max  mxn 


Loss  resistance  R  is  determined  by  the  total  volume  resistance  of  the 
s 

semiconductor  and  the  resistance  of  the  contacts;  it  varies  from  0*3-6  ft  for 
germanium  and  from  1-10  ft  for  silicon  devices. 

The  quality  of  a  parametric  diode,  from  the  point  of  view  of  its  appli¬ 
cation-,  also  depends  on  the  figure  of  merit  of  the  nonlinear  capacitance. 


which  is  determined  by  the  equation  Q  = 


l 


P- 


Consequently,  to  increase  Q  of  the  nonlinear  capacitance,  diodes  with 

low  resistance  R  must  be  chosen. 

s 

The  critical  frequency  of  a  diode  is  equal  to  the  frequency  at  which 
negative  resistance  of  the  diode  r_  is  equal  to  it3  I033  resistance*  The 
negative  resistance  introduced  into  the  circuit  is  determined  by 

_  _  * 

r-~-S5c?- 

Fron  which,  considering  r  =  Hs,  we  obtain  the  following  equation  for  critical 
frequency: 


f  m 

«— SP57* 


For  contemporary  diodes,  the  critical  frequency  is  around  several 
thousand  megahertz.  The  greater  m  and  the  less  and  R^,  the  greater 
amplification  may  be  obtained  from  a  parametric  amplifier*  Consequently, 
the  better  diode  has  the  higher  critical  frequency. 

Parametric  amplifiers  using  semiconductor  diodes  may  be  separated  into 
three  basic  groups: 

single-circuit  regenerating; 
dual -circuit ; 

traveling  wave  amplifiers. 

Regenerating  amplifiers  under  certain  conditions  may  operate  in  a 
superregeneration  mode,  forming  a  separate  group  of  amplifiers. 

Single-circuit  parametric  amplifiers.  A  parametric  amplifier  with 
only  one  circuit  which  is  tuned  to  the  signal  frequency  has  been  Colled 
a  single-circuit  regenerating  parametric  amplifier  (Fig.  8.15). 


Figure  8. 1^5-  Single-circuit  parametric  amplifier. 
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lo  establish  the  regenerating  amplifying  mode  in  a  single-circuit  para¬ 
metric  amplifier,  the  circuit  capacitance  oust  vary  with  the  pumping  frequency 
f  =  21*  •  A  .« ingle- circuit  regenerating  parametric  amplifier  is  simple  in 

p  si 

construction  and  tuning.  . 

The  major  fault  of  a  single-circuit  parametric  amplifier  is  the  depen¬ 
dence  of  gain  on  the  phase  ratio  between  signal  and  pumping  frequencies. 

If  f  £  f  /2,  the  ratio  between  the  phase  of  these  oscillations,  and  conse— 
s  p 

quently  the  gain,  varies  periodically,  which  leads  to  parasitic  amplitude 

modulation  of  the  signal  at  a  low  frequency  P  =  I  2f  -  f  ]. 

s  p 

Dual-circuit  parametric  amplifier.  A  dual  circuit  parametric  amplifier 

is  a  system  of  two  oscillator  circuits  coupled  by  nonlinear  capacitance 

which  varies  with  frequency  f^.  0 r.s  of  the  circuits  is  tuned  to  the  signal 

frequency  f^,  the  other  auxiliary  (open-circuit  or  balanced)  is  tuned  to  the 

frequency  difference  f  =  f  -f  or  sum  of  1  =  f  *f  .  The  most  valuable 

-ps  p  s 

property  of  dual-circuit  parametric  amplifiers  is  that  pumping  frequency 

drift  and  mutual  phase  shift  hetvecn  the  signal  and  the  pumping  does  not 

affect  the  amplifier  operation.  Furthermore  f  and  f  need  not  be  multiples 

s  P 

of  each  other. 

Depending  on  the  frequency  to  which  the  auxiliary  circuit  is  tuned  and 
the  source  Of  the  amplified  signal,  dual-circuit  parametric  amplifiers  may 
be  separated  into  three  types: 

regenerating  amplifier' 
nonregenerating  amplifier— converter $ 
regenerating  amplifier-converter. 

Dual -circuit  regenerating  parametric  amplifier.  A  voltage  from  the 
signal  mesh  (Fig.  8.16)  and  a  voltage  at  the  pur  ping  frequency  ore 

applied  to  the  nonlinear  capacitor  CQ„  Under  the  effect  of  these  two 
voltages,  combined  frequencies  ore  produced  on  the  nonlinear  capacitor 
just  as  in  the  usual  mixer. 


r 


Figure  8-1 6-  Circuit  of  a  dual— circuit  regenerating  parametric 


amplifier. 
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Current,  at  the  frequency  difference  entering  the  second  circuit 

tuned  to  this  frequency  will  produce  a  voltage  increase  in  it.  Oscillations 

at  the  remaining  frequencies  will,  practically  speaking,  not  be  discriminated 

in  the  <*Fplificr.  Thus  three  voltages  with  frequencies  f  ,  f  ,  and  f  =  f 

3  P  2  “ 

will  «\ct  on  the  nonlinear  capacitor. 

The  capacitance  of  the  nonlinear  capacitor  in  this  amplifier  decreases 
at  those  moments  when  its  voltage  is  maximum,  and  capacitance  increases  at 
those  no  merits  when  voltage  is  minimum.  This  is  equivalent  to  introducing  a 
negative  resistance  into  the  signal  circuit  and  into  the  frequency  difference 
circuit,  since  at  frequencies  f^  and  the  capacitor  is  connected  in  parallel 
with  these  circuits. 

In  the  given  parametric  amplifier,  the  signal  is  supplied  to  and  taken 
from  the  first  (signal)  circuit. 

Dual -circuit  nonregenerating  ampl if ier— converter.  This  amplifier 
(Fig.  B.17)  is  distinguished  by  the  fact  that  its  second  circuit  is  tuned 
to  the  frequency  sum  (f0  =  f  ).  In  this  parametric  amplifier  the  signal 
is  supplied  to  the  first  circuit  and  taken  off  the  second  circuit.  There 
is  no  parametric  regeneration  in  such  an  amplifier.  Amplification  takes 
place  only  because  of  parametric  conversion  of  the  signal  frequency  f^  to 
the  higher  frequency  f+,  which  has  a  greater  amplitude-  The  absence  of 
regeneration  makes  the  amplifier  exceptionally  stable  in  operation  (seli- 
excitation  is  impossible) .  Its  pass  band  may  he  10%  of  the  amplified 
frequency,  which  appears  to  be  the  fundamental  advantage  of  this  circuit. 


Figure  6.17.  Scfc'trsatic  of  a  dual-circuit  amplifier-converter. 

A  dual-circuit  regenerating  parametric  amplifier -converter  differs 
from  the  nonre generating  amplifier-converter  (Fig.  8.17)  only  in  that  its 
second  circuit  is  tuned  to  the  frequency  difference  f  »  f  .  Two  principles 
are  operative  in  such  an  amplifier:  first,  the  principle  of  regenerating 
amplification,  and  secondly,  the  principle  of  r.ouregerieratinrj  amplification 
because  of  frequency  conversion  in  the  nonlinear  reactive  element  from  f 

a 

to  =  f_.  The  advantages  of  this  type  of  amplifier  are  that  greater  gain 
may  be  obtained  with  high  stability,  a  wide  pass  band  is  possible,  and  the 
amplifier  input  is  decoupled  from  the  output* 
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Travel inrt  wave  setaiconduct.or  parametric  amplifier'*  This  device  is  made 
in  the  fora  of  a  section  of  a  feeder  (long  line  or  waveguide),  ir.  which 
parametric  diodes  are  connected  at  given  distances. 

tor  such  an  amplifier  to  operate,  the  signal  and  pumping  oscillations 
must  propagate  at  a  specific  velocity  in  the  line.  Then  the  pumping  fre¬ 
quency  should  ie  twice  as  high  as  the  signal  frequency  (assuming  proper 
phase  relation).  Thus  when  the  signal  passes  down  the  line,  conditions  for 
transmitting  energy  from  the  pumping  generator  to  the  signal  oscillations 
are  set  up  in  each  diode.  As  a  result,  the  power  of  the  signal  is  increased 
as  it  passes  from  diode  to  diode.  Power  gain  is  proportional  to  the  length 
of  the  line. 

This  type  of  amplifier  has  consi ’crable  advantages  in  comparison  with 

the  types  discussed  above;  it  has  a  wide  pass  band  (up  to  25%  of  the  carrier) 

* 

and  does  not  require  rectifying  tubes  and  circulators.  However,  traveling 
wave  parametric  amplifiers  have  more  complex  tuning. 

Operating  principle  of  an  electron  ray  parametric  amplifier.  Operation 
of  this  type  amplifier  is  based  on  periodic  chances  in  the  reactive  impedance 
of  a  Cavity  resonator  when  a  bunched  electron  beam  passes  through  it. 

The  schematic  of  an  amplifier  operating  on  this  principle  is  shown  in 
Fig.  8.18.  The  electron  ray,  leaving  the  electron  gun,  is  accelerated 
toward  the  collector.  The  ray  passes  through  the  cavity  resonator,  supplied 
by  a  pumping  voltage  (f^=2fs>  and  is  velocity  modulated.  Moving  further, 
the  electron  ray  passes  through  the  second  resonator,  which  has  two  identical 
paps  located  a  distance  l  from  each  other.  Signal  voltage  with  frequency 
£  is  applied  to  this  resonator.  With  specific  Values  of  voltages,  ray 
current,  distance  between  both  cavity  resonators,  and  distance  1  ,  energy 
is  introduced  into  the  signal  circuit  compensating  the  energy  loss  in  it, 
thus  producing  signal  amplification.  A  shortcoming  of  this  amplifier  is 
the  shot  effect  in  the  elect,  "on  flow,  -which  amplifies  its  noise. 


Figure  8_lS.  Schematic  of  an  electron  ray  paramagnetic  amplifier. 
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Operating  principle  of  a  ferromagnetic  parametric  amplifier*  An  ampli¬ 
fier  of  this  type  differs  Iron  those  discussed  previously  with  varying  capa¬ 
citors  only  in  that  energy  is  introduced  because  of  varying  inductance. 

In  these  amplifiers,  an  equivalent  self- inductance  L  of  a  ferromagnet 
whose  magnetic  induction  is  a  nonlinear  function  of  current  (power  of  the 
electromagnetic  field)  in  used  as  the  variable  reactance-  By  varying  current 
i  vith  frequency  f^,  the  equivalent  self- inductance  is  made  to  vary  vith 
time,  and,  under  certain  conditions,  energy  is  introduced  into  the  circuit. 

Figure  8.19  shows  the  equivalent  circuit  of  an  amplifier.  It  consists 
of  two  circuits  tuned  to  frequencies  and  f^  and  coupled  by  variable 
inductance  L (t ) ,  varying  with  the  pumping  frequency  f^  =  |f^  J  .  A 
signal  with  frequency  equal  to  f ^  is  amplified  and  supplied  to  the  load. 

A  shortcoming  of  this  amplifier  is  the  high  noise  figure  and  greater  pumping 
power  required  to  equal  the  gain  of  a  semiconductor  parametric  amplifier. 

load 


CD 


Figure  8.19-  Schematic  of  a  ferromagnetic  parametric  amplifier. 

Circuits  for  connecting  a  parametric  amplifier  into  the  receiver 
channel.  Resonant  regenerating  parametric  amplifiers  are  reciprocal  devices 
(devices  which  conduct  energy  in  only  one  direction  are  usually  called  non¬ 
reciprocal)  and  may  amplify  signals  even  if  the  input  and  output  circuits 
are  interchanged.  Therefore  noise  coming  from  the  amplifier  output  will  be 
amplified  if  special  measures  are  not  taken.  Total  noise  of  the  parametric 
amplifier  will  be  amplified,  and  receiver  sensitivity  will  decrease. 

To  eliminate  multiple  regenerative  noise  amplification  coming  from  the 
parametric  amplifier  output  and  to  increase  operating  stability  when  the 
parametric  amplifier  is  connected  into  the  channel,  non-reciprocal  devices 
(tubes,  circulators)  and  various  connecting  circuits  are  used.  Depending 
on  the  circuit,  parametric  amplifiers  are  classed  as  pass  and  reflecting 
types. 

The  circuit  of  a  pass  type  parametric  amplifier  is  shown  in  Fig.  8.20  a. 
The  input  signal  is  applied  to  the  amplifier  through  the  tube,  -and  the 
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amplified  signal  is  applied  to  the  following  stage  of  the  receiver  through 
another  tube*  There  may  be  no  tubes  in  this  stage-  Then  noise  from  the 
following  stages  of  the  receiver  is  amplified  by  the  parametric  amplifier, 
leading  to  a  decrease  in  receiver  sensitivity. 

receiver 

a 


Figure  o.20.  Circuit  for  connecting  a  parametric  amplifier  into  the 
receiver  channel: 

a)  pass  type  parametric  amplifier*  b)  reflecting  type 
parametric  amplifier. 

The  circuit  for  connecting  a  reflecting  type  parametric  amplifier  is 
shown  in  Fig.  8.20  b.  In  This  circuit  the  amplifier  has  a  single  coupling 
element.  The  signal  from  the  antenna  is  directed  by  the  circulator  to  the 
parametric  amplifier  through  feeder  II,  and  the  amplified  signal,  leaving 
the  amplifier  through  the  same  feeder,  is  applied  to  the  following  stages 
Of  the  receiver  (branch  III)  »  The  matched  load  in  branch  IV  of  the  circu¬ 
lator  serves  to  absorb  power  reflected  in  the  feeder  because  of  imperfections 
in  its  matching. 

The  second  circuit  is  considered  preferable  since  the  circulator  intro¬ 
duces  less  noise  than  the  tubes. 

Performance  figures  of  a  parametric  amplifier.  Parametric  amplifiers 
are  characterized  by  the  following  basic  performance  figures;  power  gain 

K  ,  pass  band  IF,  effectiveness  € ,  and  noise  figure  N. 

P 

The  way  in  which  these  indices  are  associated  with  the  amplifier  para¬ 
meters  depends  on  the  type  of  amplifier  and  the  method  used  to  connect  it 
into  the  channel. 

For  pass  regenerating  amplifiers,  the  performance  figures  are  determined 
by  the  following  equations: 


VT,  n=i  + 


(8.i4) 


RAr-015— 63 


325 


mherc  g^  »  3s+3oe*Sl*9L_9  “  re0eI1‘sratin9  admittance  of  the  oscillating 

system. 

For  reflecting  regenerating  amplifiers 

K,=^.  cs.15) 


£  iF  for  tfces<s  amplifiers  are  determined  By  Eq.  8 -14  . 


Here  g, 


L* 


load  and  signal  source  admittance  re  spec  t.  ivel  y ; 
admittance  of  diode  losses. 


For  a  regenerating  parametric  amplifier-converter,  power  gain 

x. 


rlJr7:-. 


The  remaining  parameters  ore  determined  from  Eq.  8.14  with  g  «  0. 


■Amplifiers  using  tunnel  diodes 

An  amplifier  using  a  tunnel  diode  effects  amplification  through  energy 
from  a  dc  source  introduced  into  the  circuit  by  a  semiconductor  diode  using 
the  tunnel  effect.  Because  of  the  tunnel  effect,  the  voltampere  charac¬ 
teristic  of  a  tunnel  hoe  a  decreasing  segment  vdmre  increasing  forward 

bias  leads  to  a  decrease  in  current.  The  tunnel  diode  resistance  in  this 
segment  is  negative;  thus  energy  is  introduced  into  the  circuit  from  a  dc 
source  (the  bias  source). 

A  tunnel  diode  is  characterized  by  the  following  parameters;  critical 
frequency  f  ,  loss  resistance  Rp,  capacitance  C^;  and  figure  of  merit  Q% 
which  are  determined  just  as  the  corresponding  parameters  of  a  parametric 
diode. 

Using  tunnel  diodes  at  SHF  produces  amplifiers  with  lour  intrinsic  noise. 
Figure  8.21  shows  a  Centimeter  range  amplifier  with  tunnel  diode  operating 
in  reflection,  and  Fig.  8.22  shows  its  equivalent  circuit. 


Figure  8.21.  Schematic  section  of  a  SHF  amplifier  with  a  tunnel  diode: 

1)  tunnel  diode;  S)  coaxial  resonator;  3)  input  and 
output;  4)  bias  circuit. 
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Figure  S.22.  EquivaJ Lent  circuit  of  an  Amplifier  with  a  tunnel  diode: 

-  load  adnittancej  —  admittance  af  the  lasses  in 
the  p-n  junction  of  the  diode;  g  -  negative  admittance; 
Lq,  Cq  -  equivalent  inductance  and  capacitance  of  the 
circuit;  -  equivalent  signal  current  generator. 

The  basic  performance  figures  of  the  amplifier  are  K  ,  AF,  and  N, 

P 

which  arc  determined,  by  Eq.  8*15  for  the  given  circuit. 

A  comparative  characteristic  of  the  basic  performance  figures  for  the 
different  types  of  high  frequency  amplifier  is  shown  in  Table  8.2. 
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Table  8.2.  Performance  figures  for  various  types  of  high  frequency 
amplifiers. 

1  -  type  of  high  frequency  amplifier;  2  -  T  (°K);  3  -  N; 

4-K  ;  5  -  K  <JBj6-AFin?ioff;7-?-;8  -  high 

np  np  s  s 

frequency  amplifier  with  cermet  tubes;  9  -  high  frequency 
amplifier  with  TWT;  10  -  high  frequency  amplifier  with  a 
tunnel  diode;  11  -  Electron  ray  parametric  amplifier ;  12  - 
semiconductor  parametric  amplifier;  13  •  quantum  amplifier. 

8.6.  Frequency  Converters 

Frequency  converters  are  devices  in  which  the  carrier  frequency  of  the 
accepted  signal  is  converted  to  a  lower,  so-called  .  '.  terraediate  frequency 
without  changing  the  modulation  or  spectrum  of  the  signal. 

A  frequency  converter  consists  af  a  mixer  and  a  heterodyne.  Basic 
elements  of  a  mixer  are:  nonlinear  element,  input  device,  and  output 
filter,  tuned  to  1.. 
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Figsrc  3.23 .  Frequency  conversion  principles 

In  the  input  device  of  the  mixer  (Fig*  8.23},  heterodyne  oscillations 

with  frequency  f,  and  signal  oscillations  with  frequency  f  fore  a  beat 
n  S 

frequency,  that  is,  an  oscillation  nodulated  in  amplitude  and  phase  vrhich- 

carries  information  about  the  signal.  This  oscillation  is  applied  to  a 

nonlinear  element.  The  current  in  the  nonlinear  element  is  a  sequence  of 

pulses,  whose  amplitude  changes  according  to  the  beat  frequency  envelope. 

The  frequency  spectrum  of  this  sequence  contains  oscillations  at  the  signal 

and  heterodyne  frequencies,  their  harmonics,  and  oscillations  at  the  combined 

frequencies  (nf^taf^) ,  where  m,  n  —  arbitrary  whole  numbers.  Oscillations 

at  the  con-bined  frequencies  carry  information  about  the  signal.  To  obtain 

oscillation  with  the  same  shape  as  the  applied  signal,  the  oscillation  at 

only  one  combined  frequency  must  be  separated  out.  Usually  oscillation  at 

the  difference  frequency  f^-f^  or  f  -ffa  is  separated  out  with  an  output 

resonant  filter.  The  difference  frequency  is  called  the  intermediate 

frequency.  The  choice  of  f ^  is  considered  below. 

A  converter  using  a  harmonic  of  the  heterodyne  is  sometimes  used  to 

provide  decoupling  between  the  circuits  of  the  hexerodyne  and  the  input 

circuit  of  the  mixer.  In  this  case  f  .=mf  -f  or  f .  =f  -ml.  ,  whore  m  is  the 

x  h  s  x  s  h 

number  of  the  harmonic. 

A  frequency  converter  is  a  linear  clement  of  a  receiver  for  signal 
oscillations,  where  the  envelope  of  the  heat  frequency,  acting  in  the 
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1  ir.v:  jx  range  of  volt  Ampere  charset  eristic  of  the  nonlinear  element, 

carries  information  about  The  signal*  At  the  sane  tine  the  converter  is  a 

nonlinear  element  lor  heterodyne  oscillations  used  for  beating  and  which 

operate  in  the  nonlinear  region  of  the  mincer  characteristic. 

A  frequency  converter  is  characterized  by  the  following  basic  parameters: 

conversion  Coefficient  K^;  noise  figure  N^,  pass  band  AF^_,  input  and  output 

admittance  0  •  and  -n  _  . 

in  fe  '■'out  fc 

The  concept  of  conversion  coefficient  K  encompasses  the  ratio  of 
voltage  at  the  output  at  frequency  to  voltage  at  the  input  at  frequency 
f  .  The  remaining  parameters  are  the  same  as  the  analogous  parameters  of 
the  amplifier. 

The  value  of  and  depend  on  the  amplitude  of  the  herodyne  voltage 

U  and  bias  voltage  U  U.  and  U.  are  cons  id  ei  sd  optimum  when  the  noise 
h  bn  o 

figure  is  sufficiently  small ,  and  the  conversion  coefficient  is  sufficiently 
large*  Xote  that  in  converting  harmonics  of  the  heterodyne,  K  is  decreased 
while  the  noise  figure  N  is  increased. 

In  radar  receivers  single-grid  and  crystal  type  frequency  converters  are 
used.  Furthermore,  mixers  with  tunnel  diodes  or  traveling  wave  tubes  and 
semiconductor  parametric  amplifier-converters  nay  also  be  used. 

Single-grid  frequency  converters.  In  single-grid  converters,  which 
arc  used  in  the  meter  and  decimeter  ranges,  pentodes  or  triodes  are  used  as 
the  nonlinear  element  of  the  mixer.  Heterodyne  and  signal  voltages  are 
applied  to  the  control  grid. 

Tnc  principal  circuit  of  a  single— grid  frequency  converter  is  shown 

in  Fig.  8.14.  In  contrast  to  the  amplifying  mode,  the  operating  point  of 

the  tube  in  the  converting  mode  is  chosen  on  the  low  bend  of  the  plate-grid 

characteristic.  Conversion  at  the  first  harmonic  of  the  heterodyne  is 

optimum  if  l’  *  U.  ,  U  «  0.7  E_,  where  -  cutoff  voltage  of  the  tube, 
h  b  h  ^3  &j 


Figure  3.2*.  Schematic  of  a  single  grid  frequency  converter. 
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The  required  value  of  is  established,  as  a  rule,  by  the  constant 
component  of  cathode  current,  which  provides  the  least  shift  in  the  con¬ 
version  mode  from  optimum  for  a  change  in  voltage*  The  tube  is  sometimes 
biased  by  the  constant  component  of  grid  current  set  up  by  the  heterodyne 
voltage  from  a.  fixed  source-  The  required  heterodyne  voltage  is  provided 
by  th»?  amount  of  coupling  between  heterodyne  and  aimer-  Capacitance,  auto- 
transformer,  transformer ,  and  cathode  coupling  are  used-  The  most  common, 
as  well  as  the  s implest,  is  capacitive  coupling. 

To  insure  stable  and  reliable  heterodyne  operation,  and  also  to  eli¬ 
minate  reciprocal  effects  during  timing,  coupling  between  heterodyne  and 
mixer  should  be  low. 

Conversion  parameters  are  determined  by  the  following: 

^c— I-?  <8-ls> 

.  .  &r  «+5.S:i2i'C+8  <J_  ,„,m 

N  —  H - ; - — — -nefl^O  (8.18) 

XC  *  UFA 

out 


where  5 

e 


transconductanco  of  conversion  in  the  optimum  mode,  equal  to 
(0.25-0.23)3^; 


°S 


C£ 


total  admittance  of  the  anode  circuit  of  the  mixer  at  the  inter¬ 
mediate  frequency,  equal  to  the  sum  of  plate  circuit  admittance, 
plate  load  admittance,  converter  output  admittance,  ana  input 
admittance  of  the  IFA  stage; 

total  admittance  of  the  mixer  rrid  circuit  at  the  signal  fre¬ 
quency,  equal  to  the  sum  of  the  converter  input  circuit  admit¬ 
tance,  mixer  input  admittance  Cg.  _  “  0*5fl  S  —5%,  output 

in  xc  «  o  t  ^ 

admittance  of  the  last  stage  of  the  UFA,  calculated  at  the  mixer 
input; 

equivalent  noise  resistance  of  the  tube  in  the  conversion  mode; 
this  resistance  is  considerably  larger  than  the  resistance  of 
the  same  tube  in  the  amplifying  e*ode ; 
total  capacitance  of  the  mixer  plate  circuit* 


Crystal  frequency  converter-  In  crystal  frequency  converters,  a  semi¬ 
conductor  diode  is  used  as  the  nonlinear  element  of  the  mixer-  These  con¬ 
verters  are  used  in  the  centimeter  and  decimeter  wave  ranges-  At  decimeter 
wave  lengths,  vacuum  tube  diodes  are  sometimes  used  as  the  nonlinear  elements. 
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and  the  convertor  is  then  called  a  diode  converter. 

Coaxial  (Fig.  8.25  a)  and  waveguide  (Fig,  8.25  b)  constructions  are 
ust  commonly  lxs-ed  to  transmit  signal  energy  and  heterodyne  energy  to  the 
nonlinear  element  (diodo) -  In  some  cases  strip  lines  are  used,  which  have 
the  advantages  of  simple  preparation,  compactness,  and  wide  band  width. 


Figure  8.25*  Schematic  section  of  the  construction  of  a  crystal  fre¬ 
quency  converter:  a  -  coaxial  construction-,  b  -  waveguide 
c  obstruct  ioo 

The  construction  of  a  converter  should  provide: 

transmission  of  maximum  signal  power  frou  the  cavity  resonator  (CR) 
to  the  diode  with  minimum  losses  in  the  heterodyne  Circuit,  HFA  circuit, 
and  minimum  variation  in  diode  parameters  in  the  cavity  resonator; 

transmission  to  tbe  diode  of  heterodyne  power1  required  for  optimum 
conversion  mode,  while  simultaneously  providing  stable  operation  in  the 
heterodyne  arid  no  power  transfer  from  the  heterodyne  to  the  receiver  input. 

These  problems  can  be  solved  by  placing  the  diode  in  the  maxi  mum  current 
in  the  coaxial  construction  and  in  the  naximian  electric  field  in  the  wave¬ 
guide  construction  and  by  matching  the  mixing  chamber  with  the  cavity  resonator. 


of  signal  power  is  obtained  by  providing  low  coupling  between 
nixi^r  and  heterodyne  and  by  including  a  ouar: ar-wavc  filter  ia  the  iater- 
nedintc  frequency  circuit.  The  effect,  of  diode  psr&seter  breakdown  is 
decreased  by  choosing  the  section  fren  the  diode  up  to  the  resonator  equal 
to  an  odd  n~_ber  of  X^/£  and'  assurir-Q  that  its  active  impedance  varies  little 
with  variations  in  the  load  ever  wide  ranges. 

The  second  problem  is  solved  by  varying  the  coupling  between  heterodyne 
uuc.  niner.  To  assure  stable  operation  of  the  heterodyne,  a  disc  resistor, 
equal  to  the  wave  tnpcdar.ee  of  the  feeder  is  included,  and  the  sections 
Tran  the  probe  to  this,  resistor  are  chosen  somewhat  lesa  than  ^/2  to  com¬ 
pensate  for  the  reactance  of  the  probe  and  the  disc  resistor.  As  a  result, 
a  traveling  wave  is  set  up  in  the  feeder,  coupling  the  heterodyne  with  the 
mixer,  ani  the  naxer  does  not  affect  heterodyne  operation. 

To  prohibit  energy  transmission  Tran  the  heterodyne  to  the  receiver 
input,  the  distance  iron  the  probe  to  the  cavity  resonator  is  chosen  equal, 
to  a  quarter  wave  length  of  the  heterodyne,  This  segment  in  the  cavity 
resonator  section  i*  short-circuited-  therefore  the  probe  section  has  a. 
large  impedance  which  prohibits  energy  from  the  heterodyne  iron  entering 
the  cavity  rcooaatcr.  The  cavity  resonator  presents  a  low  impedance  to  the 
heterodyne  frequency,  since  its  pass  band  is  stall  (high  Q.) ,  and  the  reso¬ 
nator  is  sharply  do-tuned  relative  to  i  . 

The  optimum  conversion  node  is  controlled  by  the  value  of  the  constant 
component  of  diode  current  uhr.ch  is  about  13 0-2pG  'r-^-  for  germanium  diodes 
and  SCO- SCO  y.A  for  silicon  diodes. 

For  nixing'  diodes,  losses  and  relative  noise  temperature  {see 
Chap.  V}  are  introduced,  which  are  usee  to  express  uniquely  the  conversion 
coefficient  ana  noise  figure  of  the  mixer: 


fc 


10 


-0.1 


**dB 


Hctercayr.es 

Heterodynes  arc  self- exciting  low-power  generators.  They  should  . 
provide  suitable  power  to  the  mixer  for  obtaining  optimum  conversion  and 
have  sufficiently  high  frequency  stability,  sufficiently  wide  tunh-.g  range. 
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In  the  meter  and  decimeter  range  low-power  electron  tube  gener atots 
with  capacitive  feedback  are  used  as  heterodynes.  In  the  meter  range  circuits 
with  1  raped  parameters  are  used,  and  in  the  decimeter  range,  circuits  of  long 
line  segments  are  used.  Reflex  klystrons  are  usually  used  in  the  centimeter 

range* 

The  operating  principle  of  a  ref lex. •  klystron  is  based  on  interaction  of 
the  electron  flow  with  the  electromagnetic  field  of  the  resonator  (Fig.  8.26). 
The  electron  gun  sets  up  an  electron  flow  which  is  accelerated  by  a  constant 
voltage  between  cathode  and  resonator  2,  and  which  penetrates  the  grid  of 
the  cavity  resonator.  The  electromagnetic  field  in  the  gap  between  grids 
affects  velocity  modulation,  that  is,  the  velocity  of  an  electron  leaving  the 
gap  win  be  greater  or  less,  depending  on  the  phase  of  the  field  in  the  gap. 

In  the  space  between  resonator  2  ar.d  refl  tor  3i  the  electrons  are  turned 
back  because  the  reflector  potential  is  negative  relative  to  the  cathode 
potential.  As  the  electrons  continue  to  move  along,  velocity  modulation 
becomes  density  modulation;  the  slower  electrons  which  were  accelerated  in 
the  resonator  begin  to  overtake  the  electrons  moving  with  average  velocity, 
while  the  faster  electrons,  which  have  been  slowed  down,  overtake  the  remaining 
eleezrons.  Electron  bunches  are  formed  as  a  result# 

The  electron  bunches  again  enter  the  space  between  resonator  grids  and 
under  certain  conditions  (certain  dimensions  and  voltages  between  the  klystron 
electrodes)  decelleraze,  giving  off  energy  to  the  electromagnetic  fielc  of 
the  resonator,  and  maintaining  sustained  oscillations  in  the  resonator* 
Oscillations  generated  by  the  klystron  are  led  to  the  mixer  over  coupling 
circuits  and.  a  coaxial  cable. 
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Figure  8.26.  Construction  of  a  reflex  klystron:  1-  electron  gun; 

2  -resonator^  3  -  reflector ,  4  -output;  5-  accelerating 
electrode* 


Frequency  of  the  03c  illations  gen  exited  by  a  klystron  may  vary  smoothly 
with  variations  of  the  reflector  potential  within  certain  Units-  This 
property  of  a  klystron  is  used  tor  automatic  frequency  control  (AFC)  of  a 
heterodyne*  In  this  way  the  AFC  system  varies  the  reflector  potential  so 
that  the  difference  between  heterodyne  and  signal  frequencies  is  equal  to 
the  nominal  intermediate  frequency. 

In  case  a  vide  range  of  electron  tuning  is  required,  and  also  in  the 
millimeter  wave  range  where  klystrons  are  not  effective,  backward  wave 
tubes  (BKT)  are  used  as  heterodynes* 


■Auxiliary  reception  channels 

A  superheterodyne  receiver  has,  along  with  substantial  advantages, 

certain  shortcomings  in  comparison  with  direct  amplifier  receivers*  The 

major  shortcoming  is  the  presence  of  auxiliary  channels  of  reception,  also 

called  parasitic,  since  all  kinds  of  noise  are  produced  in  them. 

Parasitic  reception  channels  are  caused  by  the  presence  of  signals 

with  frequencies  different  from  the  signal  frequency  which.,  acting  in  the 

frequency  converter,  create  oscillations  at  an  intermediate  frequency  at 

its  output*  Combined  oscillations  are  formed  in  the  converter  because  of 

interaction  between  the  input  oscillations  nf .  and.  heterodyne  harmonics  mf  * 

xn  n 

This  produces  oscillations  at  the  IF  A  input  whose  frequency  is  determined 
by  I  "fen ±mti.=rfi 


where  m  =  O,'  1,  2,  3i***5 


n  =  1,  2, 


•tb±— i-  ■. 

-  —  a  *2. 

3.4. 
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One  of  the  values  of  f^  corresponds  to  the  useful  signal  (n=l  j 

n*i  or  2,  sign  when  f.  is  chosen  less  than  f  .  or  -  when  f  >f  ) .  and  all 
h  s’  h  s 

the  rest  are  parasitic  signals.  Since  the  amplitude  of  the  combined  oscil¬ 
lations  drops  sharply  with  increasing  m  and  n ,  practically  speaking  the 
cost  dangerous  parasitic  channels  are  the  mirror  symmetrical  (n  =  1 ,  m  the 
sene  as  for  fg,  and  opposite  in  sign)  and  the  direct  pass  channel  (n*l,  m^>) 
oscillations  with  frequency  f^. 

Since  the  frequencies  of  t!.e  parasitic  channels  are  transformed  at  the 


converter  output  to  the  same  intermediate  frequency  as  the  useful  signal, 
the  useful  signal  cannot  he  separated  from  (filtered  out  of}  noise  at  the 
convertor  output  and  in  the  IFA. 

Up  to  the  converter,  the  frequencies  of  the  parasitic  signals  differ 
from  the  frequency  of  the  useful  signal ;  consequently  frequency  selectivity 
in  the  circuits  preceding  the  converter  (HFA,  input  circuit)  is  a  likely 
method  for  eliminating  parasitic  channels. 

The  degeee  to  which  parasitic  channels  arc  reduced  is  quantitatively 
characterized  by  the  attenuation  factor  a* 

The  attenuation  factor  of  a  stage  C  is  equal  to  the  ratio  of  useful 
signal  amplitude  to  the  parasitic  channel  amplitude  at  the  stag*  output, 
vhen  the  ratio  of  these  amplitudes  at  its  input  is  equal  to  one. 

lhe  value  of  or  for  a  single  oscillating  circuit  is  found  by  the-  ratio 


where  Af 


!  fs-fk  ( ; 


f^_  -  frequency  of  the  k-th  parasitic  channel.  For  a  mirror  channel. 


AT  -  2f .. 


The  total  attenuation  of  several  stages  is  equal  to  the  products  of 
their  attenuation  factors. 


8*7-  Intermediate  Frequency  Amplifiers 

Intermediate  frequency  amplifiers  carry  out  the  primary  amplification 
of  the  signal.  Using  a  constant  intermediate  frequency  considerably  lower 
than  the  frequency  of  the  received  signal  makes  it  possible  to  obtain  a 
high,  undistorted  araplif ication  of  the  oscillations  at  the  required  fre¬ 
quency  band  for  stable  operation  of  the  amplifier.  The  number  of  stages 
in  the  amplifier,  commonly  called  a  ruler  IFA,  may  be  from  six  to  10. 

Singl c-c ircuit  and  multi -circuit  intermediate  frequency  amplifiers 
are  most  widely  used.  In  single-circuit  amplifiers,  the  circuits  of  all 
stages  may  be  tuned  to  one  frequency  or  mutually  staggered;  in  both  Cases 
the  circuits  are  the  same.  Such  a  circuit  is  shown  in  Fig.  8.27. 
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Figure  8*27*  Schematic  o t  a  single-circuit  intermediate  frequency 
amplifier  stage. 

Dual-circuit  schemes  (Fig*  8*28)  are  the  most  widely  used  multi-circuit 
intermediate  frequency  amplifier  devices.  IFAj  with  dual-circuit  staggered 
stages  and  IF as  where  one  of  the  stages  has  several  (three  or  four)  coupled 
circuits  (the  so-called  concentrated  selection  filter)  are  sometimes  used. 

Intermediate  frequency  amplifiers  are  characterized  by  the  following 
parameters:  nominal  intermediate  frequency  f\ 7  gain  K,  pass  band  AF, 
effectiveness  e,  and  rect angularity  coefficient  K_^  ^ . 


Figure  8.28.  Circuit  of  an  intermediate  frequency  amplifier  stage 
with  two  coupled  circuits* 

In  considering  the  nominal  intermediate  frequency,  it  must  be  noted 
that  there  are  reasons  for  choosing  either  a  higher  or  a  lower  frequency 
f\ .  The  fundamental  advantages  of  a  higher  frequency  are  the  greater 
selectivity  in  the  mirror  charm  el,  mailer  inductance  windings,  better 
separation  of  the  intermediate  and.  video  frequencies.  15if»  advantages  of 
a  lower  are  the  greater  amplification  stability  and  the  fact  that  the 
breakdown  parameters  of  the  circuit  are  not  so  critical*  The  intermediate 
frequency  for  radio  pulses  should  also  satisfy  the  inequality 

-  ^  20-1-40 


In  practice  f .  =  10-100  MHz;  K 


r0*l 


1.5-5;  K 


104-106. 
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The  product  of  the  resonant  gain  times  its  pass  band  is  called  the 
effectiveness  of  one  stsge. 

The  product  of  the  gain  of  one  stage  times  the  pass  band  of  the  whole 
amplifier  is  called  the  effectiveness  of  amplification  € . 

The  greater  the  effectiveness  of  a  stago,  the  greater  pass  band  it  vill 
have  at  constant  gain,  or  the  greater  the  amplification  which  can  be  obtained 
with  constant  pass  band.  Amplifiers  are  classed  according  to  eff ectiveness. 
Amplifiers  with  tuned  (resonant)  circuits  have  the  greatest  effectiveness, 
multi-circuit  XFas  have  high  effectiveness.  Amplifiers  with  coupled  circuits 
have  higher  effectiveness  than  amplifiers  with  staggered  pairs. 

The  selective  properties  of  an  intermediate  frequency  amplifier  are 

characterized  by  the  coefficient  of  rectangularity  K,  , ,  which  indicates 

ru.i 

the  ratio  of  the  frequency  hand  at  a  level  of  0-1  of  the  maximal  gain  Cor 
output  voltage)  to  the  pass  band*  For  an  ideal  amplifier  with  a  rectangular 
frequency  characteristic ,  ^  -  1*  In  practice  ^>1.  An  amplifier 

is  more  selective  the  more  closely  its  frequency  characteristic  approximates 
the  rectangular,  and  consequently,  the  moire  closely  ^  approaches  one* 

Amplifiers  with  single  circuits  have  lower  selectivity  than  amplifier^ 
with  two  circuits,  etc-  The  remaining  amplifiers  are  approximately  equivalent. 

In  practice  IF  A  with  single  tuned  circuits  are  more  widely  used  for 
amplifying  radio  pulses  longer  than  since  these  amplifiers,  except  for 

the  faults  discussed  above*  are  quite  super ior  in  comparison  with  other 
types  of  IFA:  they  are  simpler  to.  build  and  t'^ne,  have  the  shortest  delay 
time,  do  not  have  parasitic  blips  in  -the  radio  signal,  and  are  least 
critical  toward  breakdown  of  the  circuit  elements,  especially  the  tube 
capacitance. 

For  amplifying  radio  pulses  less  than  2^us  in  length  when  the  amplifier 
should  have  high  ef f ectiveness ,  for  which  the  IFA  using  tuned  circuits  should 
have  10  to  15  stages,  six  to  eight  stage  IF As  with  staggered  tuning  (in 
duplicates)  or  IFAs  with  two  coupled  circuits  are  used.  Table  8*3  shows 
the  calculated  relationships  for  n  stages  of  these  types  of  IFA  and  a 
comparative  estimate  of  their  effectiveness. 

8*8*  Detectors 

Detection  is  the  process  of  transforming  the  modulated  signal  to  reveal 
the  information-  This  process  n  the  rpvprse  of  modulation. 

Depending  on  the  form  of  -the  modulated  signal ,  detectors  are  classed 
as  amplitude,  frequency,  and  phase  detectors. 

Amplitude  detectors.  Amplitude  detection  comprises  two  fundamental 
processes : 
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Table  8.1.  Sumary  table  of  formulas  for  IF  A  parameters. 

1  -  i*rameteri  Z  —  type  of  IF  A;  3  -IF A  with  single  tuned 
circuits;  4  —  IF  A  with  staggered  pairs;  5  ”  IF A  with  coupled 
circuits;  6  —gain  ;  7  -  peas  band  AF  ;  8  -  amplifier 
effectiveness  €;  9  “  rectaagularity  coefficient  X  ; 

10  -  ratio  of  IFA  effectivenesses. 

creation  of  a  low  frequency  signal  (envelope  of  the  amplitude-modu¬ 
lated  oscillation  or  video  pulse)  on  the  basis  of  a  high  frequency  AH 
oscillation  or  radio  pulse; 

separating  (filtering  out)  useful  low  frequency  signal  from  the  high 
frequency  oscillations. 

An  amplitude  detector  consists  of  three  basic  elements:  a  nom in.ir 
element,  a  load  resistance  R,  and  a  filter  (capacitive  load)  C.  The  most 
common  are  amplitude  diode  detectors.  Their  circuit  is  shown  in  Fig.  8.29. 


Figure  3.29.  Schematic  of  a  diode  detector 
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The  first  part  of  the  process  in  joplitudc  detection  is  carried  out  by 
the  diode  and  the  resistance  R,  the  second  is  carried  out  by  capacitor  C. 
When  the  high  frequency  signal  modulated,  by  a.  low  frequency  oscillation  acts 
on  the  nonlinear  element,  current  with  a  complex  form  flows  in  the  diode 
circuit,  creating  a  voltage  on  the  load  resistance  R  with  the  frequency  of 
the  envelope  of  the  AH  oscillation,  and  the  remaining  current  components 
which  have  higher  frequency  flow  through  capacitor  C,  which  presents  a  low 
impedance  to  these  frequencies.  If  a  radio  pulse  acts  on  the  nonlinear 
element  (Fig.  8-30),  the  diode  conducts  current  during  the  positive  half- 
period  of  the  high  frequency  oscillations,  setting  up  a  voltage  ca  resistor 
R,  and  the  capacitor  C  charges  rapidly.  In  the  negative  half-period  of  the 
high  frequency  oscillations,  the  diode  is  blocked,  capacitor  C  slowly  dis¬ 
charges  through  R,  creating  a  voltage  of  the  same  polarity  on  it  as  that 
created  by  the  current  flowing  through  the  diode  in  the  positive  half¬ 
period*  Consequently  a  positive  video  pulse  appears  on  R  with  pulsations 
at  the  tip  which  are  removed  by  a  special  LC  filter  connected  between  the 
detector  and  the  video  amplifier.  The  polarity  of  the  output  signal  depends 
only  on  the  way  the  diode  is  connected. 


Figure  8,30.  Graph  of  voltages  in  an  amplitude  detector?  1-  voltage 
at  the  detector  input;  2  .voltage  on  the  load 

An  amplitude  detector  appears  as  a  nonlinear  element  of  the  receiver 

to  the.  input  signal.  It  deforms  the  signal  spectrum  and  impairs  the  signal/ 

noise  ratio  because  of  the  interaction  of  the  frequency  components  of  the 

signal  spectrum  and  the  noise  spectrum. 

The  latter  phenomenon  decreases  for  U.  3<0.5“2)  V.  where  the  detection 

in 

process  becomes  linear,  i.e, ,  U  .is  proportional  tc  U.  .  At  low  signals 

2  out  in 

Uout  **  proportional  to  ,  and  the  detection  process  is  quadratic. 

A  radio  pulse  detector  is  characterised  by  the  transmission  coefficient 
arise  time  and  decay  time  7^,  input  and  internal  impedance,  and 

R^  respectively.  . 

These  parameters  are  uniquely  determined  by  the  slope  of  the  voltaapere 
characteristic  S  of  the  nonlinear  element  by  the  load  parameters  R  and 
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ft.  ~ 

in 


cosd,  -r, = 2,2ft  .C; 
-2/2RC.  ft,  =  ,c-^5ft; 

L  31 

.  n _ _ 

-iKV  in  519—  *12  ©COS0) 


(8.19) 


vfterc  e!  -  cut  oil  angle,  by  definition  equal  to  half  the  period 
in  xhe  course  of  which  the  diode  conducts  current  (Fig.  8-30} , 
determined  by; 


^e-e=^r- 


(8-20) 


of  oscillation 
and  uniquely 


The  load  elements  are  usually  found  from  the  conditions: 

ftC<  5^.53;  C>I0C«,  (8-2I> 

where  anode-cathode  capacitance  of  the  aiodc- 

Electron-tubc  and  semiconductor  triode:  which,  depending  on  the  method 
of  connecting  the  detector  load,  may  operate  cs  grid,  plate,  and  cathode 
detectors,  are  used  for  the  detection  of  AM  signals-  For  details  see  £L23 
and  l!*33  - 

Synchronous  detector.  Detection  of  AM  oscillations  may  be  done  by 
linear  elements  (L,  C ,  K}  with  varying  parameters.  These  detectors  have  a 
valuable  char  act  eristic :  they  permit  synchronous  (commutator  or  amplitude- 
phase)  detection-  Detection  is  considered  synchronous  when  the  amplitude 
and  polarity  of  the  output  signal  depend  on  the  difference  in  phase  of  the 
oscillations  received  by  the  detector  and  the  oscillations  changing  the 
detector  parameters-  This  permits  these  detectors  to  be  used  in  radar 
stations  tc  distinguish  between  moving  objects  and  stationary  objects  or 
passive  noise.  The  diode  detector  is  the  simplest  of  this  type,  with  its 
internal  resistance  changed  by  a  special  generator  which  has  the  same 
frequency  as  the  signal  received  by  the  detector* 

A  coherent  heterodyne  is  generally  used  for  this  purpose  in  radar 
stations-  To  obtain  maximum  output  signal  from  the  detector,  the  oscilla¬ 
tions  of  the  coherent  heterodyne  and  the  input  signal  should  have  a  certain 
phase  sdxifx,  depending  on  tha  ratio  of  their  amplitudes. 

Asynchronous  detector.  Since  ir.  many  cases  it  is  difficult  to  syn¬ 
chronise  the  phase  of  these  oscillations,  detectors  which  do  not  require 
synchronisation  are  often,  used..  These  detectors  are  called  asynchronous. 

In  the  simplest  case,  an  asynchronous  detector  is  a  diode  detector,  with  two 
signals  applied  to  its  input: 

the  signal  from  the  intermediate  frequency  amplifier  output; 

oscillations  from  an  arbitrary  low,  power  generator  with  frequency  f  &f.. 

h  r 

These  detectors  have  many  advantages  over  the  usual  diode  detector 
(larger  transmission  coefficient,  better  signal/noise  ratio,  and  others). 
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Frgq-jcricy  Settle  tor.  A  f  rcqucncy-EXxiulatei  signal  carries  information 
in  the  variations  of  its  frequency.  The  process  of  detecting  this  informa¬ 
tion  is  called  frequency  detection  (FD) . 

Frequency  detection  in  the  majority  of  detectors  consists  of  two 
processes: 

converting  frequency-modul ated  oscillations  into  an  amplitude-modu¬ 
lated  signal; 

amplitude  detection  of  the  latter  and  exposure  of  its  information. 

Any  linear  system  vfcose  transmission  coefficient  depends  or-  frequency 

may  be  used  for  the  first  part  of  the  process*  The  simplest  system  is  an 

oscillating  circuit  detuned  relative  to  the  center  frequency  of  the  FM 

oscillations*  In  this  case,  depending  on  the  ratio  of  signal  frequency  f^ 

and  intrinsic  frequency  f  of  the  circuit,  the  amplitude  of  the  oscillations 
o 

varies  at  the  output  (Fig*  8*31)*  This  preserves  the  frequency  modulation 
in  the  output  signal,  i«e_,  the  signal  at  the  output  has  both  amplitude  and 
frequency  modulation,  and  is  called  amplitude-frequency  modulation  (aFM). 
Amplitude  detection  of  AFM  oscillations  is  usually  done  by  diode  detectors 


C 

Figure  8-31-  Process  of  converting  frequency-modulated  oscillations 
into  amplitude-frequency-modulated  oscillations* 
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Figure  8.32.  Circuix  of  the  simplest  frequency  detector. 


A  frequency  detector  is  characterized  by  tho  slope  of  the  solitude— 
frequency  characteristic  S^,  indicating  voltage  change  at  the  output  for 
a  1  MHz  (or  IcHz)  change  in  frequency  from 

-ttijQA'  p  (S32\ 

«  AO +•*>■'■/  -(  ) 

where  U  -  pea's  irmaa  voltage  amplitude  on  the  circuit  at  resonance: 

o 

transmission  coefficient  of  the  amplitude  detector; 

initial  detuning  of  the  circuit] 

Q  figure  of  merit  of  the  circuit; 

Af  =  if  -f  t. 

1  c  s  * 


Two-cycle  frequency  detector  circuits  are  employed  to  increase  trans¬ 
conductance  S  and  the  allowable  detuning  (deviation)  AX  of  the  FM  oscxl- 
lG 

1  at  ions  (Fig.  8.33)  when  the  circuits  are  detuned  symmetrically  relative 
to  the  center  frequency  of  the  FM  oscillations  and  the  output  voltages 
of  the  detectors  are  mutually  subtracted.  If  the  signal  frequency  is  not 
f^,  voltages  on  the  detectors  will  be  different  and  a  signal  with  positive 
or  negative  polarity,  depending  on  the  type  of  detuning  Cf>fc  or  fCf^) 
will  appear  at  the  output. 

Detectors  operating  analogously  to  phase  detectors  (fractional 
frequency  detectors,  heterodyne  frequency  detectors,  see  £L33  for  details) 
may  be  used  for  frequency  detection.  A  frequency  detector  is  one  of  the 
basic  elements  of  automatic  frequency  control  system* 


Figure  8.33-  Schematic  of  a  two-cycle  frequency  detector 
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Phase  detector,  la  phase  modulation,  information  is  carried  in  the 
phase  variations  of  the  high  frequency  oscillation.  The  phase,  varying 
with  time,  represents  the  speed  with  which  frequency  changes.  Of  course 
speed  must  be  measured  with  reference  to  another  object.  Therefore,  to 
evaluate  phase  changes,  the  phase  of  the  modulated  oscillations  must  be 
compared  with  the  phase  of  another  oscillation  taken  as  reference. 

Phase  detection  (PD)  involves  two  processes: 

addition  of  phase-modulated  and  the  reference  oscillation 
forming  an  amplitude-phase  modulated  oscillation; 

amplitude  detection  of  the  oscillation  obtained. 

The  simplest  circuit  of  a  single-cycle  phase  detector  and  the  vector 
diagram  of  the  addition  at  its  input  are  shown  in  Pig.  3.34. 


a 


Figure  8.34.  EtLase  detectors 

a  —  circuit  j  b  -  vector  diagram  of  voltages  at  the  input. 

A  phase  detector  is  characterized  by  the  slope  of  the  amplitude- 
phase  characteristic  S^,  indicating  the  voltage  change  at  the  output  for 
a  one  degree  change  of  phase. 

A  balanced  circuit  PD  (Fig.  3-35)  is  used  to  increase  Sfd*  The  out¬ 
standing  feature  of  this  circuit  is  that  the  signal  is  applied  to  the  diodes 
out  of  phase,  and  the  reference  voltage  is  in  phase.  Thus,  if  the  phase  of 
the  signal  and  the  phase  of  the  reference  voltage  do  not  coincide,  a  voltage 
difference  will  appear  on  the  diode,  and  the  polarity  of  the  signal  may 


Figure  8.35.  Balanced  circuit  of  a  phase  detector. 
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The  value  of  depends  on  the  relative  amplitudes  of  the  reference 
xc 

voltage  ^re^.  and  the  phase-modulated  signal  os  veil  as  the  phase  shift 
9  between  then. 


For 


for  m  3  1 


*  V/U  a  1 

s.  ref 


4a-«aV*(|c«f-l+]*Ja-f-|): 


(&23) 


Ptvas«  seasitintv  (slope)  is  a»s*  even  vh«o  D  =  0  ,  aad  md«  -these 

TT  *  VCX 

conditions  is  maximum  for  Cp  =*  (2n+l)--— . 

Amplitude  limiters  are  used  to  limit  the  signals  so  as  to  eliminate 

the  effects  of  variations  in  signal  amplitude  cm  the  output  voltage. 


8*9  Video  Amplifiers 

The  purpose  of  the  video  amplifier  in  &  receiver  is  to  boost  the 
detected  signal  (video  pulse)  to  the  level  required  for  normal  operation  of 
the  indicator  devices. 

One  of  the  possible  variations  of  a  two— stage  video  amplif ier  is  shown 
in  Pig.  8.36. 


Figure  8*36.  Video  amplifier  circuit 

As  a  rule  the  first  stage  operates  as  a  limiter  to. prevent  overloading 
the  indicator  deviees. 

The  second  stage  (a  cathode  follower)  matches  the  output  impedance  of 
the  receiver  to  the  wave  impedance  of  the  cable  at**  tranouits  the  amplified 
signal  along  the  cable  to  the  indicator  devices  without  distortion. 

First  stage  gain 

K,  =  SR*..  t8-24) 

where  S  -  slope  of  the  tube  characteristic; 
plate  load  impedance. 

First  stage  gain  is  usually  equal  to  10-20. 

For  non-distorted  amplification,  -the  staoe  should  have  a  sufficiently 
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wide  pass  bajuJ.  The  pass  band  of  a  video  amplifier  is  the  difference  of 
its  u'*per  and  lower  limiting  frequencies. 

The  upper  boundary  frequency  is  found  from  the  resistance  and  capa¬ 
citance  of  the  plate  circuit: 


iax  ^CaRe 


(8.25) 


Capacitance  C  ,  composed  of  the  tube  capacitance  and  the  assembly 
o 

capacitance,  is  usually  equal  to  15-30  pr. 

The  value  of  f  uniquely  determines  the  pulse  rise  time 
max  Oja 


To  increase  f  v  (decrease  rise  time  of  the  pulse)  Mgh-frequency 
max. 

correction  is  sometimes  employed,  connecting  an  inductor  in  series  with 

The  lower  boundary  frequency  is  determined  by  the  transfer  capacitance 

C  and  resistance  R  : 

9  S 


4in  -^sTc ' 


(&2SV 


The  value  of 

with  duration  T  : 

P 


1  . 
min 


uniquely  determines  drop  G  at  the  tip  or  a  pulse 


/  . 
pr  Kin 


Accordingly,  to  decrease  fa-n  (drop  G  at  the  pulse  tip)  end 

should  he  quite  large-  Sometimes  low  frequency  correction,  choosing  of 

a  certain  value  depending  cn  R  and  R  ,  is  used  to  decrease  G. 

a  g 

The  gain  of  a  cathode  follower  Is  less  than,  one,  since  all  output 
voltage  from  the  resistor  is  again  applied,  to  its  control  gird  (lOO# 
negative  feedback). 

However,  a  cathode  follower  with  low  output  impedance  may  feed  into  a 
cable  with  high  capacitance,  and  this  is  one  of  the  major  reasons  for  its 
use. 

Hie  performance  figures  on  a  cathode  follower  are  determined  by: 


k 


£f  '1  +SAt  • 

1+SXi 

2=co*«r 


tax  kf" 


'nrin-Tty  • 


(8J27). 


where  -  impedance  of  the  cathode  load. 

If  necessary,  the  signal  may  be  further  amplified  before  it  is  applied 
to  the  indicator  by  video  amplifier  stages  in  the  indicator  block.. 
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8.10  Amplifier  Control  in  the  Receiver 

When  a  station  is  operating,  radio  pulses  of  differing  intensity, 
depending  on  tbe  distance  to  the  target,  its  reflecting  surface  and  other 
factors,  are  applied  to  the  receiver  input-  Weak  reflected  signals,  as 
well  as  strong  ones,  tausx  be  observed.  This  requirement  can  be  met  if  the 
receiver  amplification  can  be  changed  rapidly ,  which  requires  the  use  of 
automatic  gain  control* 

Over  a  period  of  time,  the  tubes  in  the  receiver  age  and  are  replaced; 
consequently  its  gain  changes-  Bur  for  a  given  signal  at  the  input,  a 
given  signal  intensity  should  be  obtained  at  the  output-  This  is  accom¬ 
plished  by  using  manual  gain  controls  (MGCJ  .  Manual  gain  controls  allow 
the  operator  to  choose  the  gain  depending  on  the  intensity  of  the  reflected 
s?.gnal. 

The  most  common  method  of  automatic  £*id  manual  gain  control  in  radar 
receivers  is  based  on  changing  the  transconductance  of  the  tube  in  one  or 
more  stages  of  the  intermediate  frequency  amplifier-  Control  is  sometimes 
applied  to  the  video  amplifier. 

Transconductance  of  a  tube  may  be  changed  by  changing  the  voltage  on 
one  or  more  of  its  electrodes-  Bias  voltage  and  voltage  on  the  screen 
grid  are  most  often  used  for  control-  Changing  plate  voltage  and  voltage 
on  che  shielding  grid  are  not  very  effective. 

The  disadvantage  inherent  in  controlling  gain  by  changing  voltage  on 
the  screen  grid  (Pig-  8-37)  is  that,  with  bias  constant  and  gain  decreasing 
(decreasing  screen  voltage),  the  grid  characteristic  shifts  to  the  right, 
increasing  the  danaer  of  overloading  the  stage. 


a  -schematic  of  the  stage;  b  -graph  of  input  output 
voltages  of  the  stage  for  two  operating  modes 


Bias  may  be  changed  by  changing  the  potential  of  the  cathode  or  the 
control  grid-  A  control  circuit  which  varies  cathode  potential  ha*  large 
inertia  and  requires  considerable  Clergy  from  a  constant  source,  which  is 
dissipated  as  heat  in  the  control  elements.  The  control  circuit  with 


variable  control 
Protect Sag  a 
Chapter  XI. 


Figure  8.38. 
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grid  voltage  shown  in  Fig.  8*33  eliminates  these  faults, 
receiver  from  active  and  passive  noise  is  discussed  in 


Schematic  of  an  IFA  stage  with  gain  controlled  by 
varying  control  grid  potential 


3^5 
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Chapter  IX 


Displays 


Radar  utilizes  various  types  of  displays  tc  observe  the  sir  situation  , 
detect  targets,  and  establish  their  coordinates. 

The  type  of  display  used  depends  on  the  purpose  for  which  the  radar  is 
intended.  PPI  displays  can  be  used  f -r  detection  and  for  making  rough  approx i- 
matir..:s  of  coordinates.  Range- azimuth  and  range-height  type  sector  displays 
can  be  used  if  more  accurate  measurements  of  coordinates  are  required,  and 
if  target  characteristics  must  be  found  more  accurately.  Special  displays, 
on  which  conventional  signals  and  symbols  will  glow  along  with  the  radar  signals, 
can  be  used  wh th«  radars  are  linked  with  automated  control  systems. 

9-1 .  Effect  of  the  Display  on  Radar  Characteristics. Conditions  for  Signal 
Observation  and  Visibility 

The  display  is  the  final  link  in  the  radar  system.  It  reproduces  all 
the  signals  received  by  the  antenna  and  produced  by  the  receiver.  It  is  the 
task  of  the  operator  watching  the  screen  to  make  a  careful  analysis  of  all 
the  information  on  the  display  in  order  to  separate  the  useful  signals  from 
the  interference. 

O ace  the  operator  has  detected  the  targets,  he  has  a  second  task  to 
perform,  that  of  establishing  the  range,  R,  the  azimuth,  0,  and  the  height, 

H,  after  which,  and  in  so  far  as  this  is  possible,  he  must  establish  target 
characteristics  . 

Consequently,  the  most  important  stage  of  radar  operation  is  associated 
with  observation  of  targets  on  displays,  and,  naturally,  the  efficiency  with 
which  the  displays  function  is  a  very  important  factor  in  the  successful 
completion  of  an  assigned  mission. 

Modem  radars  make  widespread  use  of  displays  with  intensity  markers 
and  afterglow.  Displays  with  amplitude  markers  are  also  used. 

Receiver  noise  causes  a  characteristic  "noi se  background"  on  the 
screens  cf  intensity  marker  displays.  The  background  consists  of  a  great 
many  luminous  spots  of  different  widths,  brilliance,  magnitudes,  and  shapes, 
with  many  of  them  resembling  targets,  at  least  at  first  glance,  thus  making 
the  work  of  the  observer  difficult.  The  structure  of  the  noise  background 
is  the  result  of  many  factors,  the  most  important  of  which  are  the  pass 
hands  of  the  IF  and  video  amplifiers,  sweep  speed,  antenna  rotation  rate, 
and  some  others.  The  pass  band,  AF,  will  be  close  to  optimum  in  this  case 
if  it  is  associated  with  the  pulse  width  (t^)  ‘by  the  relationship  at  (3.2) «■ 


*■»  *4  **l  ^  *** 
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The  so-called  visibility  factor,  (See  Chapter  I)  is  used  to  stake  a 
qualitative  assessment  of  signal  visibility  against  a  background  of  noise. 

The  smaller  the  visibility  factor,  v^,  the  lower  the  power  of  the 
detected  signal. 

The  different  factors  hearing  on  the  fundamental  engineering  charac¬ 
teristics  of  the  radar  have  a  very  definite  effect  on  the  magnitude  of  the 
visibility  factor. 

Those  with  the  greatest  effect  on  the  magnitude  of  the  visibility  factor 

are: 

pulse  repetition  frequency,  F^; 
receiver  pass  band,  £F ; 
sweep  speed, 
pulse  width,  T^f 

the  quality  with  which  the  electron  beam  in  the  tube  used  in  the 
display  is  focused $ 

external  conditions  prevailing  when  the  observation  is  madej 
antenna  rotation  rate* 

The  dependence  Of  the  risibility  factor  on  the  pulse  repetition  frequency 
is  shown  in  Figure  9.1a.  Signal  observability  improves  with  an  increase  in 
the  pulse  repetition  frequency  and,  consequently,  in  the  number  of  pulses 
handled  in  the  receiver. 

The  effect  of  receiver  pass  band  at  the  intermediate  frequency  on 

observability  can  be  followed  from  the  graph  in  Figure  9.1b. 

The  curve  in  this  figure  is  for  the  case  when  the  sweep  speed.,  v^,  and 

pulse  width,  T  ,  remain  constant  and  the  only  facts  that  changes  is  the  pass 
P 

band,  AF. 


Figure  9-1.  Dependence  of  v  on  repetition  frequency  (a),  pass  band  (b), 

;md  .sw^qi  NjK’itl  («:)  »  ’ 

The  trace  of  the  curve  shows  that  there  is  a  clearly  defined  minimum 

for  the  visibility  factor  when  AF  rs  1- 

Tp 
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The  dependence  of  the  change  in  observability  on  sweep  speed  is  shown 
in  Figure  9.1c. 

Degradation  of  observability  with  increase  in  sweep  speed  results 
because  at  high  speeds  of  passage  of  the  beam  over  the  surface  of  the  screen 
the  conditions  under  which  the  screen  is  excited  arc  degraded,  and  besides 
there  is  an  increase  in  the  "graininess  **  of  the  noise  background,  that  is, 
the  markers  from  the  noise  blips  increase  in  magnitude • 

So  far  as  observability  is  concerned,  the  optimum  magnitude  of  a  marker 
for  screens  with  intensity  markers  is  considered  to  be 

l0pt*<lto9d,  (9.i> 


where 

d  is  the  spot  diameter. 

s 

Videly  used  displays  have  d^  =  1  mm,  lCp^  =  1  to  2  mm. 

The  effect  quality  of  focusing  of  the  electron  beam  has  on  observability 
is  to  degrade  contrast,  because  when  focusing  is  poor  the  target  and  noise 
markers  "dissolve.” 

Observability  is  effected  signif ican*ly  by  the  average  brilliance  of 
the  noise  background  brightening  the  screen,  by  the  external  conditions 
under  which  the  observations  are  being  made*  This  is  fixed  on  the  one  hand 
by  the  properties  of  the  cathode  ray  tube,  and  on  the  other  by  the  special 
features  inherent  in  the  human  eye  (see  #9.10). 

Antenna  rotation  rate  too  has  a  definite  effect  on  observability  because 
when  all  other  conditions  are  equal,  the  rotation  rate  is  what  determines 
how  many  pulses  will  be  present  at  a  definite  point  on  the  screen. 

The  number  of  pulses  in  the  train  will  decrease  with  increase  in  antenna 
rotation  rate,  and  this  will  result  in  a  reduction  in  marker  brilliance. 


Sffect  of  Display  on  Radar  Detection  Range 
The  radar  equation  at  (l -483  defines  the  dependence  of  radar  detection 
range  on  inherent  parameters  and  target  characteristics. 

Detection  range  for  a  surveillance  radar  can  be  found  through  the 
following  dependence  on  the  visibility  factor 

R  = ,  <9-2) 

where 

k^  is  a  coefficient  that  takes  radar  and  target  parameters  into 
consideration. 


The  smaller  v^,  that  is,  the  smaller  the  value  of  the  threshold  signal, 
the  longer  the  radar  detection  range. 
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Widely  used,  three-scale  PPIs  have  approximately  the  following  visi¬ 


bility  factor  magnitudes: 

on  small  scale  -  v^  3.5i 
on  medium  scale  -  ^  3  i 

on  large  scale  -  ^  2. 

The  change  in  the  magnitude  of  the  visibility  factor  with  change  in  the 
scale  on  the  screen  is  the  result  of  the  change  in  sweep  speed* 

The  relationship  at  (9-1 )  links  the  magnitude  of  the  spot,  and  the 

length,  1,  of  the  marker  on  the  screen  in  the  Optimum  cose*  At  small  scale 
settings  for  the  sweep  this  condition  cannot  be  satisfied,  and  shows  up  in 
the  magnitude  cf  the  visibility  factor* 

The  linear  dimension  of  the  marker  on  the  screen  can  be  computed  through 
the  formula 


where 


l  »  K  ,  A  .d 
seal®  s  a 


(90) 


3  ,  is  the  scale  used  on  the  screen: 

scale 

is  the  linear  dimension  of  the  sweep. 


Effect  of  Display  on  Radar  Resolution  in  Range  and  Azimuth 


The  relationship  at  (2.9)  is  used  to  establish  the  range  resolution  for 
the  radar.  It  can  be  written  in  the  following  fora 


p(t 

6R  -  - E_ 


£t) 


scale 


(9-4) 


where 

a  is  a  coefficient  that  takes  the  magnitude  of  the  "gap"  between  two 
adjacent  markers  into  consideration. 


The  second  term  in  the  right  hand  side  of  the  expression  at  (9.4) 
defines  the  display’s  resolution,  6R  ,  or,  putting  it  another  way,  it 
demonstrates  the  degradation  in  radar  resolution  attributable  to  the  display. 

An  analysis  of  the  second  term  will  lead  to  the  conclusion  that  improve¬ 
ment  in  display  resolution  can  be  arrived  at  in  the  following  Ways: 

reduce  the  range  sector  displayed  on  the  screen; 

increase  the  1  inear  dimension  of  the  sweep ;  that  is ,  incr ease  screen 
dimensions; 

reduce  the  dimension  of  the  spot  on  the  screen. 

11  io  only  way  resolution  can  bo  improved  for  a  selected  typo  of  catluadc 
ray  tube  is  to  use  several  range  scales.  Two  or  thro®  different  scales  are 
usually  used. 
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The  first  scale,  the  smallest,  covers  the  entire  scanning  zone  at 
a.-JiiBin'B  range-  The  second  scale  is  a  one  and  one -half  to  two-fold  amplifi¬ 
cation  of  the  first,  while  the  third  is  a  four-  to  five-fold  amplification 
of  the  second. 

The  display's  resolution  changes  accordingly  as  the  shift  is  made  from 
one  scale  to  another. 

At  long  ranges  the  PPla  include  a  ring  scan,  that  is,  individual 
sectors  (rings)  covering  the  whole  of  the  zone  of  observation,  can  be  looked 
at  at  large  scale.  In  this  case  range  sweep  begins  after  some  delay  cor¬ 
responding  to  th*  distance  to  the  beginning  of  the  sector  being  looked  at, 
rather  than  at  the  moment  the  main  pulse  is  radiated. 

Resolution  in  azimuth  can  be  foi  id  through  the  formula 

53  =  Vs  *  “  ‘We'VV  (9-5) 

where 

^  sc  ale  magni  tude  of  the  azimuth  sector  in  degrees 

is  the  linear  dimension  of  the  azimuth  sweep; 
a  is  a  coefficient  that  takes  the  magnitude  of  the  gap  between  markers 
into  consideration. 

The  second  summand  in  the  right  hand  side  of  the  expression  at  (9-5) 

characterizes  the  resolution  in  azimuth  for  the  display,  53 In.  the  case 

d 

of  the  PPI  the  magnitude  of  the  sector  £3;4CAle  is  always  360°,  while  the 
length  of  the  sweep  will  be  variable,  depending  on  the  distance  the  marker 
is  from  the  center  of  the  screen. 

The  linear  dimension  of  the  sweep  Can  be  calculated  as  the  circumference 
of  a  circle,  that  is, 

-  2 nr, 

where 

r  is  the  distance  the  marker  is  from  the  center  of  the  screen. 

Analysis  of  the  second  term  in  the  expression  at  (9-5)  leads  to  the 
conclusion  that  in  order  to  increase  the  resolution  in  azimuth  it  is  necessary 
to  reduce  the  magnitude  of  the  sector  brought  to  the  screen  for  the  type  of 
cathode  ray  tube  selected..  The  use  of  the  sector  scan  mode  is  sought  out 
for  this  purpose. 

It  is  also  possible  to  simultaneously  reduce  the  magnitude  of  the 

sector  0  ,  ,  and  increase  the  linear  dimension  of  the  sweep,  L  .  This  is 

scale'  s 

done  in  special  scopes  of  the  range-azimuth  type,  in  which  the  azimuth  and 
range  sweeps  form  a  rectangular  raster. 
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Effect  of  Display  on  Coordinate  Measurement  Accuracy 
Errors  resulting  from  the  inaccuracy  in  distinguishing  the  canters  of 
target  pips  -and  scale-  sharkers  because  of  their  finite  magnitudes.  Since 
target  pips  as  veil  as  range  and  azimuth  scale  markers  have  finite  dinen- 
sions,  the  operator  has  to  make  a  visual  determination  of  their  centers,  cor¬ 
responding  to  the  true  position  of  the  target,  or  of  the  scale  darker.  This 
operation  always  contains  an  error.  The  mean  square  error,  determined 
experimentally,  is  about  3%  of  marker  magnitude. 

Errors  associated  with  poor  focusing.  The  error  in  fixing  the  center 
increases  with  increase  in  the  marker  resulting  from  poor  focusing.  The 
mean  square  error  in  range  is  on  the  order  of  tens  of  meters,  in  azimuth  on 
the  order  of  minutes. 

Errors  in  interpolating  the  position  of  the  target  pip  between  the  scale 
divisions.  Interpolation  involves  a  visual,  proportional  division  of  the 
segment  between  two  scale  markers  within  the  limits  of  which  the  target  pip 
is  located.  The  mean  square  error  in  interpolation  can  be  computed  through 
the  formula 


where 


cr.  =  k  *  0,005£ 
ant  ’  scale 


(9.6) 


k  «  1  to  2,  and  depends  on  the  scale  setting; 

^ sc ale  is  the  distanoe  betwsen  azimuth  or  range  markers. 

Errors  caused  by  nonlinearity  in  sveep.  Nonlinearity  in  the  sweep 
causes  errors  in  measuring  the  coordinates,  and  these  errors  are  associated 
with  those  of  interpolation  in  various  sectors  of  the  sweep.  Nonlinearity 
in  range  sweep  results  in  range  determination  errors. 

In  this  case  the  mean  square  error  can  be  found  through  the  formula 

°int  “  S’  ^scale  ^9"73 

where 


a  is  the  nonlinearity  in  the  sweep. 

As  will  be  seen  from  the  foregoing,  the  errors  in  interpolation  have  a 
significant  dependence  on  the  distance  between  scale  markers,  expressed  in 
terms  of  the  scale  setting  used. 


9*2  Plan  Position  indicators 

The  PPI  can  be  used  to  make  a  rough  determination  of  target  range  and 
azimuth,  as  well  as  to  make  an  approximation  of  target  characteristics.  On 
the  PPI  the  air  situation  is  in  the  form  of  a  projection  on  the  horizontal 
plane.  A  PPI  screen  is  shown  in  Figure  9*2.  The  PPI  usually  can.  be  used 
to  scan  in  three  operating  modest 
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circular  scan,  during  which  the  entire  radar  coverage  zone  is  looked  at; 


Figure  9.2.  Images  on.  the  P? I  screen  in  three  operating  modes,  a  - 
circular  scon  mode;  b  -  ring  scan  mode;  c  -  sector  scan, 
mode.  1  -  range  markers;  2  -  azimuth  markers;  3  —  refloated 
signals;  4  -  signals  reflected  from  local  objects;  5  - 
signals  reflected  irom  clouds. 


ring  scan,  during  which  the  entire  radar  coverage  zone  is  looked 
at  by  sectors  at  enlarged  scale; 

sector  scan,  when  only  a  specific  sector  is  looked  at. 

A  range  sweep  delay  circuit,  inserted  in  the  range  sweep  channel,  can 
be  used  to  obtain  the  ring  scan  mode. 

A  circuit  for  displacing  the  center  of  the  sweep  can  be  used  to  obtain 
the  sector  mode. 

The  channel  for  forming  the  azimuth  sweep  provides  range  sweep  syn¬ 
chronized  with  antenna  rotation.  All  PP Is  can  be  divided  into  two  groups 
with  respect  to  the  method  used  to  obtain  a  rotating  sweep: 
those  with  a  rotating  deflection  system; 
those  with  a  fixed  deflection  system. 

The  distinguishing  feature  of  those  in  the  first  group  is  that  rotation 
of  range  sweep  with  respect  to  the  azimuth  can  be  synchronized  with  the 
antenna  by  rotating  the  deflection  system  mechanically,  causing  the  range 
sweep  to  rotate. 

The  deflection  system  in  the  PPIs  in  the  second  group  is  fixed.  Sweep 
rotation  occurs  as  a  result  of  rotating  the  magnetic  field. 

The  block  diagram  of  a  PPI  with  a  rotating  deflection  system  is  shown 
in  Figure  9*3* 

The  trigger  stage  is  the  source  forming  the  range  sweep  end  can  be  used 
in  any  PPI  operating  mode,  not  only  to  eliminate  pulse  pickups,  but  to  get 
staoic  trigger  pulse  amplitude.  A  wideband  resistance-coupled  amplifier 
with  bottom  clipping  cun  be  used  us  the  trigger  stage.  Chapter  VI  contains 
the  circuits  of  similar  clipping  amplifiers. 

Specific  requirements  imposed  on  circuits  for  trigger  pulse  delay  are; 
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minimum  time  to  restore  the  original  condition,  particularly  important 
in  the  case  of  long  delays; 

linearity  of  the  delay  over  the  entire  range  of  the  scale. 

These  requirements  are  best  satisfied  by  circuits  in  which  the  voltage 
drops  linearly  and  which  are,  moreover,  the  most  efficient* 

A  circuit  providing  smooth  trigger  pulse  delay,  and  widely  used  in 
displays,  is  shown  in  Figure  6.9.  Jump  delay  circuits  can  also  he  used* 

A  block  diagram  of  a  possible  variant  of  the  jump  trigger  pulse  delay,  and 
voltage  curves,  are  shown  in  Figure  9-4- 
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Figure  9-3-  Block  diagram  of  a  PPI  with  rotating  deflection  system. 

1  -  trigger;  2  -  trigger  stage;  3  -  channel  for  forming 
range  sweep;  4  -  trigger  pulse  delay  circuit;  5  “  expansion 
circuit;  6  -  sawtooth  voltage  generator;  7  -  sawtooth 
current  amplifier;  8  -  outgoing  trace  intensifier  circuit; 

9  -  focus  coil;  10  -  center  shift;  11  -  deflection  coil; 

12  -  center, shift  device;  13  -  cathode  ray  tube;  14  - 
range  markers;  15  -  azimuth  markers;  16  -  target  signals; 

17  -  procedure  signals;  l8  -  signal  mixing  and  amplifying 
channel;  19  -  circuit  for  mixing  incoming  signals;  20  - 
amplifier  circuit;  21  -  sector  setting;  22  -  brilliance 
control 23  —  deflection  coil  rotation  channel;  24  -  focus 
control;  25  -  antenna  coupling;  26  -  elements  for  controlling 
operating  modes. 
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Figure  9.4.  Block  diagram  of  jump  trigger  pulse  delay  and  voltage 

time  diagrams  for  various  points  in  the  delay.  A  -  delay 
setting j  B  -  trigger*  1  -  line  voltage  generator;  2  - 
threshold  circuit;  3  -  coincidence  circuit;  4  -  range  scale 
markers;  5  “  output  stage;  6  -  change  in  level  of  constant 
voltage  and  delay  setting;  7  -  firing  level;  S  -  restoration 
level;  9  -  delayed  trigger  pulse. 

The  trigger  pulse  excites  the  generator,  the  sawtooth  volt  ago  from  -which, 
added  to  the  constant  regulated  voltage,  acts  across  the  grid  of  a  tube  with 
a  clipped  operating  level  (the  threshold  circuit) .  If  a  change  is  made  in 
the  magnitude  of  the  constant  component  of  the  voltage  acting  across  the 
tube  grid,  the  tube  will  fire  at  different  sawtooth  voltage  levels. 

The  magnitude  of  the  constant  voltage  can  be  changed  smoothly  by  rotating 
the  arm  of  the  delay  setting  potentiometer,  and  correspondingly  changing  the 
moment  in  time  the  tube  fires.  The  pulse  corresponding  to  the  moment  of 
firing  is  fed  into  the  coincidence  circuit,  into  which  range  scale  markers 
are  also  fed  for  synchronization  purposes. 

The  coincidence  circuit  produces  a  pulse  which  can  be  used  as  the 
delayed  trigger  pulse. 

One  of  the  fundamental  requirements  imposed  on-  expansion  circuits  is  a 
minimum  time  requirement  for  restoring  to  the  original  condition* 

Various  types  of  triggers,  in  which  cathode  followers  are  usee  to  cut 
restoration,  time,  can  be  used  as  expansion  circuits. 

Regardless  of  the  circuit  used,  there  is  distortion  in  the  shape  of 
the  expanded  pulse,  the  result  of  the  transition  processes  that  'take  place 
during  current  and  voltage  drops.  This  has  a  negative  effect  on  the  operation 
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of  the  sawtooth  voltage  generator*  Different  types  of  clamping  clipping 
circuits  eliminating  these  distortions  can  be  used  to  improve  the  shape  of 
the  expanded  pulse*  Chapter  VI  contains  a  description  of  clipping  circuit 
operation. 

A  voltage  that  changes  linearly,  and  produced  by  the  sawtooth  voltage 
generator,  is  used  to  deflect  the  cathode  ray  tube  beam  from  the  center  to 
the  edge  of  the  screen. 

Generators  with  positive  feedback  (see  Chapter  VI )  have  been  widely 
used  in  practical  circuits. 

Special  features  of  a  PPI  with  a  fixed  deflection  system*  In  order  to 
obtain  a  radial -circular  sweep  with  a  fixed  deflection  system,  it  is  necessary 
to  create  a  magnetic  field  that  changes  linearly  and  rotates  in  synchronism 
with  antenna  rotation  in  the  throat  of  the  tube* 

A  fixed  deflection  system  consists  of  two  pairs  of  coils  positioned 
mutually  perpendicular  with  respect  to  the  cathode  ray  tube  axis.  A  sawtooth 
current ,  modulated  in  accordance  with  the  antenna  rotation  law,  and  displaced 
with  respect  to  the  phase  in  these  coils  by  90°,  flows  through  these  coils. 

Ihe  currents  in  the  deflection  coils  are 
i^  -  f (t)  sin  0At, 
i2  »  f(T)  cos  0^ t, 

where  £ (t)  is  the  lav  in  accordance  with  which  the  sawtooth  current  changes 
is  the  angular  velocity  of  antenna  rotation; 
flAt  is  the  current  azimuth  of  the  antenna. 

Magnetic  fluxes,  changing  in  accordance  with  this  same  law,  occur  as  a 
result  of  the  effect  of  currents  i^  and  i^, 

=  mf<T)  sin  Q^t, 

$2  -  z£ <t)  c03  O^t, 

where  z  is  a  coefficient  fixing  the  relation  between  the  current  in  the  coil 
and  the  magnetic  flux. 

The  resultant  field,  which  deflects  the  electron  beam,  acts  in  the  tube 
throat 

*res  ■  |/4f  +  =  rfCr).  (9.8) 

The  position  of  the  resultant  field  vector  can  be  calculated  as  follows 

.  ,  sin  Q.t\  _  . 

arc  tg  f  A  \=  Q.t  =■  8 

\cos  CAt J  (9.9) 

that  is,  it  corresponds  to  the  present  azimuth.  The  resultant  field  therefore 
rotates  in  synchronism  with  antenna  rotation.  Consequently,  formation  of  a 
rotating  sweep  requires  the  generation  of  a  sawtooth  voltase  and  modulation 
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ol  that  voltage  by  the  sine  and  cosine  law  for  the  antenna  rotation  angle. 

The  sawtooth  voltage  is  generated  by  the  generator  in  the  range  sweep  channel. 
This  voltage  is  then  split  into  two  components,  90°  apart.  Each  of  these 
components  is  modulated  by  the  antenna  rotation  law. 

Most  often  used  for  splitting  are  sine-cosine  rotating  transformers  and 
sine-cosine  potentiometers.  They  are  mechanically  reliable  and  can  be  used 
to  load  the  deflection  coils  directly. 

The  block  schematic  of  a  PPI  with  a  fixed  deflection  system  is  shown 
in  Figure  9-5-  The  only  difference  between  it  and  that  for  the  PPX  with  a 
rotating  deflection  system  is  in  the  azimuthal  sweep  rotation  channel. 


A 


Figure  9-5-  Block  schematic  of  a  PPX  with  a  fixed  deflection  systeia- 
A  -  azimuth,  sweep  generation  channel:  B  -  sine-cosine 
rotatable  transformer  ;  C  -  horizontal  sweep  amplifier; 

D  -  vertical  sweep  amplifier;  E  -  cathode  ray  tube;  F  - 
range  sweep  generation  channel;  <5  -  sawtooth  current 
generator;  H  -  expansion  circuit;  I  -  trigger  pulse  delay 
circuit;  J  -  trigger;  K  -  outgoing  trace  intensifier 
circuit;  L  -  amplifier  circuit;  M  -  signal  mixing  circuit; 

N  -  signals;  0  -  mixing  and  amplifier  channel;  P  -  focusing 
circuit;  0.  -  brilliance  control  circuit;  R  -  cathode  ray 
tube  control  channel. 


The  sine-cosine  rotatable  transformer  in  this  channel  has  a  rotor 
winding  and  two  stator  windings  located  perpendicular  to  each  other.  The 
rotor  is  mechanically  coupled  to  the  antenna  shaft  and  rotates  in  synchronism 
with  it. 
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The  rot-f  winding  is  the  sawtooth  current  amplifier  load  in  the  range 
sweep  generation  channel. 

The  magnetic  flux  around  the  rotor  winding,  the  result  of  the  flow  of 
sawtooth  current,  induces  emfs  in  tho  stator  windings,  the  magnitudes  of 
which  defend  on  the  mutual  positioning  of  the  rotor  and  stator  windings. 

It  is  highly  important  that  there  be  a  fixed  central  point,  corresponding 
to  the  origin  of  the  sweep,  in  scopes  with  fixed  deflection  systems  because 
positive  aitd  negative  sawtooth  voltages  appear  across  the  amplifier  tube 
grids.  Controlled  level  clampers,  designed  to  restore  the  original  potential, 
are  used  for  this  purpose* 

PPIs  for  combining  situational  information*  The  data  received  from 
several  radars  can  be  combined  on  the  screen  of  one  PP1. 

A  single  system  of  synchronous  and  coph&s&l  antenna  rotation,  and  a 
single  trigger  for  the  transmitting  and  indicating  devices,  can  be  used  to 
combine  the  information. 

Figure  9-6  is  the  block  schematic  of  a  PPI  for  combining  situational 
information  from  two  unsynchronized  radars* 

As  will  be  seen  ft'vjn  the  schematic ,  a  cathode  ray  tube  and  a  fixed 
deflection  system,  are  used  in  the  indicator* 

The  indicator  utilizes  the  time  division  of  signals  method  wherein  the 
sweep  voltage  relative  to  the  X  and  Y  axes,  corresponding  to  the  position 
of  the  antenna  associated  with  radar  No.  1,  is  fed  to  the  deflection  coil 
during  one  time  interval,  with  the  sweep  voltage  from  radar  No-  Z  fed  to, 
and  the  sweep  voltage  from  radar  No.  1  disconnected  from,  the  deflection 
coil  during  the  succeeding  tinu*  interval.  The  result  is  the  appearance  of 
two  sweeps  on  the  indicator  screen,  the  positions  of  Which  correspond  to  the 
azimuthal  positions  of  the  ant*jimas  for  radars  No.  1  and  No.  2  (fig.  9 -7)  - 

The  echo  signals  from  the  radars  are  switched  simultaneously  with  the 
sweeps,  and  at  the  moment  the  sweep  from  radar  No.  1  is  generated.  the  echo 
signals  from  that  radar  only  are  fed  to  the  cathode  ray  tube  modulator. 

Echo  signals  from  radar  No.  2  are  cut  out  at  this  time. 

The  functions  of  signal  time  division  are  carried  out  by  a  special 
circuit. 

If  the  radars  are  quite  a  distance  apart  an  additional  circuit  for 
taking  the  base  into  consideration  is  used,  and  this  circuit  superimposes 
the  origin  of  the  sweep  at  a  point  on  the  screen  corresponding  to  “he  posi¬ 
tion  of  the  radar  on  the  terrain. 

When  the  radars  have  identical  repetition  frequencies,  or  very  nearly 
so,  the  sweep  trigger  frequency  of  one  of  the  radars  is  reduced  when,  informa¬ 
tion  is  combined  on  one  indicator. 
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Figure  9-6-  Block,  schematic  of  a  PPX  Tor  combining  situational 

information*  A  -  Radar  No-  1;  B  -  sweep  generator;  C  - 
servo-amplifier;  D  -  unit  for  generating  the  X  and  Y  axis 
sweeps;  E  -  trigger  pulse  unit;  F  -  trigger  pulse;  S  - 
conventional  symbol  generator;  H  -  unit  for  selecting  and 
positioning  conventional  symbols;  I  -  time  selection,  unit 
("wait**  circuit);  J  -  indicator;  X  —  Radar  No-  2;  L  - 
Radar  No-  1  sweep  voltage,  X  coordinate;  M  -  Radar  No.  2 
sweep  voltage;  N  -  blanking  pulse. 
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Figure  9-7-  View  of  a  screen  of  an  indicator  showing  the  combined 
situation  (a)  and  the  screen  of  an  indicator  when  the 
information  from  two  remote  radars  is  combined  (b).  A  - 
Radar  No*  1  sweep;  B  —  Radar  No-  2  sweep;  L  is  the 
distance  between  radars  no.  1  and  no-  2- 
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Figure  9.9  is  a  functional  diagram  of  a  typical  indicator. 

The  azimuth  sweep  channel  is  designed  to  develop  the  current ,  the 
magnitude  of  which  changes  with  the  angle  of  rotation  of  the  antenna  in 
azimuth,  that  II 

i  *  kh  or  i  s  k  3  in  £ 

where 

K  is  a  constant ; 

?  is  the  angle  of  rotation  of  the  antenna  in  azimuth. 

The  channel  consists  of  two  main  elements;  the  modulator,  and  the 
deflection  system  supply  circuit* 

Azimuth  sweep  channel  using  an  azimuth  pulse  transmitter.  The  Mock 
schematic  of  a  sweep  channel  using  an  azimuth  pulse  transmitter  and  the 
voltage  curves,  are  shown,  in  Figure  9-10. 

X  special  device  (  a  transmitter  )  generates  short  .pulses  that  are 
related  to  the  angular  position  of  the  antenna  as  the  antenna  rotates  in 
azimuth. 

The  pulses  from  the  transmitter  output  are  fed  into  the  gating  circuit, 
which  also  receiver  the  intensification  pulse  voltage  for  the  sector  selected. 
Thus,  a  "bundle"  of  azimuth  pulses  is  formed  at  the  output  of  the  gating 
circuit-  The  width  of  the  "bundle”  is  fixed  by  the  width  of  the  azimuth 
intensification  pulse  and  fixes  the  magnitude  of  -the  working  sector  in 
azimuth. 

The  pulses  obtained  at  the  gating  circuit  output  are  then  fed  into  the 
counter  and  then  into  the  circuit  for  converting  the  code  into  voltage. 

The  result  is  to  generate  a  stepped  voltage  which  is  then  smoothed  out  by 
a  filter. 


Figure  9-9-  Block  schematic  of  an  azinuth-rsnge  indicator- 


Reproduced  from 
best  available  copy 
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Figure  9.9.  Block  schematic  of  an  azimuth-range  indicator. 

A  -  range  sweep  channel;  B  -  trigger  pulses;  C  -  trigger 
stage;  0  -  delay  circuit;  E  -  sawtooth  voltage  generator; 

F  -  sweep  output  stage;  G  -  intensification  circuit;  H  - 
mechanical  coupling  with  shaft  for  rotating  antenna;  I  — 
azimuth  sweep  channel;  J  -  circuit  for  generating  the 
initial  azimuth  sweep  voltage;  K  -  amplifier  and  output 
stage;  1  —  circuit  for  generating  azimuth  sweep  inten¬ 
sification  pulse;  H  -  circuit  for  generating  azimuth 
markers;  N  -  mixer;  0  -  circuit  for  generating  range 
markers;  F  -  video  amplifier;  Q  -  echo  signals  from 
receiver;  R  —  vertical  displacement  circuit;  5  —  hori¬ 
zontal  displacement  circuit;  T  -  focus  circuit;  U  -  control 
electrode;  V  -  cathode. 

A  "north"  pulse  can  also  be  generated  at  the  instant  the  antenna  passes 
through  the  north  point,  thus  providing  for  correct  selection  of  the  operating 
sector  by  the  transmitter. 

The  azimuth  sweep  channel  with  selsysn  modulators.  The  most  widely  used 
circuit  for  generating  azimuth  sweep  is  that  using  a  selsyn  couple  (see  fig. 
9.113. 
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Figure  9.10a  Block  schematic  and  azimuth  sweep  voltage  curves  when  an 
azimuth  pulse  transmitter  is  used.  A  -  antenna \  B  - 
azimuth  pulse  transmitter;  C  -  gating  circuit;  D  -  storage 
circuit;  E  -  amplifier  with  negative  coupling;  F  - 
deflection  coil;  G  -  sector  selection  circuit;  H  -  azimuth 
marker  pulses;  I  -  azimuth;  J  -  sector  selection  voltage; 

K  -  sector;  L  -  pulses  at  the  gating  circuit  put  put ;  M  — 
voltage  across  the  storage  circuit  output. 
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The  variable  voltage  used  for  selsyn  supply  is  usually  called  the 
Carrier  frequency  voltage,  and  the  selsyn  that  modulates  this  voltage  in 
amplitude  is  called  the  modulator. 

The  carrier  frequency  should  be  a  great  deal  higher  than  that  of 
selsyn  rotor  rotation  in  order  to  simplify  the  process  of  detection  and 
voltage  envelope  discrimination, 

A  selsyn  transmitter  can  be  used  to  modulate  the  carrier  frequency  in 
accordance  with  the  antenna  rotation  law.  The  rotor  winding  of  the  selsyn 
transmitter  rotates  in  synchronism  with  the  antenna.  A  voltage  is  induced 
in  the  stator  winding,  the  load  on  wnich  is  the  three-phase  winding  of  the 
stator  of  the  selsyn  transformer  being  used.  The  amplitude  of  the  voltage 


A  Moduzs/nop 


Figure  9-11-  Bloch  schematic  of  an  azimuth  sweep  channel  with  a 

selsyn  modulator.  A  -  modulator;  B  —  carrier  frequency 
generator;  C  -  selsyn  transmitter;  D  -  antenna;  E  - 
selsyn  transformer;  F  -  cathode  follower;  G  -  sector 
select;  H  -  phase  detector;  I  -  outgoing  sweep  trace; 

J  -  intensification  pulse;  K  -  sweep  amplifier;  L  - 
deflection  coils;  M  -  return  trace. 

across  the  rotor  winding  of  the  selsyn  transformer  depends  on  the  mutual 
positioning  of  the  rotors  of  the  selsyn  transmitter  and  tho  sel&yn  trans¬ 
former.  Since  the  selsyn  transmitter  rotor  rotates  at  antenna  rotation, 
frequency,  a  voltage,  amplitude  modulated  by  the  antenna  rotation  frequency, 
is  induced  in  the  selsyn  transformers  braked  winding. 

Zez*o  voltage  amplitude  means  that  the  positions  of  the  selsyn  rotors 
match.  By  rotating  the  selsyn  transformer  rotor  we  can  change  the  moment 
zero  is  established  for  the  output  voltage  envelope.  At  the  same  time  the 
zero  amplitude  for  this  voltage  will  correspond  to  the  different  angular 
positions  of  the  antenna  in  space. 
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The  pii^Lae  detector  in  the  azimuth  sweep  channel  is  used  to  make  the 
rectified  voltage  proportional  to  the  sine  of  the  antenna  rotation  angle. 

When  a  conventional  detector  is  used  this  dependence  could  only  be  arrived 
at  within  180®  limits.  The  linear  section  of  this  voltage  in  the  20  to  60° 
range  of  antenna  rotation  in  azimuth  (fig.  9.1l)  is  used  to  generate  azimuth 
sweep. 

Use  of  the  cathode  follower  is  the  result  of  a  need  to  generate  a  high 
input  resistance  in  the  azimuth  sweep  channel ,  because  it  is  customary  in 
radar  practice  to  connect  several  scisyn  transformers  to  one  azimuth  sweep 
voltage  scisyn  transmitter. 

A  powerful  output  stage  is  needed  to  convert  the  voltage  of  the  sinu¬ 
soidal  envelope  obtained  across  the  phase  detector  output  into  the  current 
for  deflecting  the  tube  beam. 

Switching  the  video  amplifier  input  by  intensifying  only  the  outgoing 
sweep  trace  can  be  resorted  to  in  order  to  eliminate  the  superimposition  of 
images  of  the  outgoing  and  return  azimuth  sweep  traces. 

9-4  Pie  elevation-position  type  indicator  for  measuring  altitude 

The  elevation-position  type  indicator  is  included  among  the  indicators 
with  rectangular  sweep ,  and  in  design  is  little  different  from  the  azimuth  - 
range  indicator. 

The  horizontal  sweep  current  in  this  indicator  is  proportional  to  the 
range,  and  the  vertical  sweep  current  is  proportional  to  the  angular  posi¬ 
tion  of  the  beam  in  the  vertical  plane. 

Those  radars  with  a  V*bm  radiation  pattern  have  the  vertical  sweep 
current  in  the  selected,  sector  proportional  to  the  angle  to  which  the  antenna 
is  turned  in  azimuth. 

The  elevation  scanning  voltage  in  the  radar  with  a  "rocking  horse"  beam 
in  the  vertical  plane  can  be  generated  by  devices  that  cause  the  beam  to 
wobble. 

Lines  of  different  heights,  HI,  H2,  H3,  etc.,  are  constructed  using 
the  range  and  elevation  coordinates,  in  order  to  read  target  height.  These 
equal  height  lines,  as  well  as  the  range  and  elevation  lines,  are  plotted 
on  a  transparent  light  filter  and  placed  atop  the  tube  screen. 

When  a  scale  such  as  this  is  used  the  determination  of  target  height 
can  only  be  made  after  a  careful  matching  of  the  electrical  scale  lines 
for  range  and  elevation  with  similar  lines  of  the  plotted  scale.  The 
accuracy  in  determining  the  height  depends  on  the  accuracy  with  which  the 
match  is  made. 
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work  of  the  operator  and  resulting  in  substantial  measurement  errors  5 

by  shifting  the  mechanical  scale  until  its  zero  line  matches  the  center 
of  the  trace  of  the  signal  from  the  vertical  beam. 

This  method  permits  determination  of  target  height  on  the  second 
antenna  revolution* 

But  it  is  only  possible  to  shift  the  scale  ■when  the  vertical  sweep 
voltage  can  be  changed  linearly  from  the  angle  of  rotation  of  the  antenna. 

The  most  effective  way  in  which  to  establish  a  vertical  linear  sweep 
based  on  the  angle  of  rotation  of  the  antenna  is  to  use  the  azimuth  sweep 
circuit  with  pulse  accumulation  reviewed  above. 

The  method  that  utilizes  summing  of  the  sine  voltages  can  be  used  in 
the  circuit  with  selsyns  to  obtain  a  linear  azimuth  sweep.  For  example,  it 
is  possible  to  obtain  an  output  voltage  from  the  two  selsyns  in  Figure  9*13 
that  will  be  proportional  to  the  angle  of  antenna  rotation. 

Che  of  the  selsyns  (the  primary)  can  be  rotated  in  proportion  to  the 
angle  of  rotation  of  the  antenna  in  azimuth  ■  S,  while  the  other  (the  linearizing 
selsyn)  -20,  with  both  selsyns  fed  from  the  same  carrier  frequency  generator. 

If  l/8ib  of  the  output  voltage  from  one  selsyn  is  subtracted  from  the 
output  voltage  of  the  other  the  summed  voltage  will  be  a  linear  function  of 
the  angle  0,  and  will  be  accurate  to  within  1°. 

In  the  case  of  mechanical  scale  shifting  it  is  convenient  to  use  a 
scale  of  equal  height,  projected  optically*  This  makes  it  easy  to  shift 
from  one  scale  to  another  in  the  event  the  indicator  uses  two  scales  and 
also  reduces  the  parallax  error* 

Figure  9*14  is  the  schematic  diagram  of  an  elementary  optical  device 
vritn  one  mirror. 

The  operator  observes  the  tube  beyond  the  screen  through  a  mirror  with 
partial  reflection*  Mirror  1  is  set  up  at  an  angle  of  45°  to  the  tube  axis* 
Scale  5,  which  is  engraved  on  a  plastic  plate,  is  end  lighted. 

The  plate  is  set  up  perpendicular  to  the  tube  screen  ard  at  some 
distance  from  the  mirror  such  that  the  operator  sees  the  image  of  the  scale 
on  the  surface  of  the  screen. 

When  the  switch  is  made  to  the  other  scale,  the  lighting  for  scale  6 
is  cut  in,  and  that  for  scale  5  is  cut  out. 

Lighting  can  be  switched  by  the  same  knob  that  switches  scales.  When 
the  plates  are  moved  the  image  of  the  scale  on  the  indicator  screen  is  moved. 


KA-015-68 


366 
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Figure  9-13  -  Schematic  diagram  of  linearization,  of  the  azimuth  voltage. 

A  -  selsyn  transmitter-,  B  -  selsya  transformer ;  C  -  to 
amplifier  input;  D  -  linearity  adjustment;  E  -  antenna 
shaft;  F  -  sector  select. 


Figure  9*14#  Schematic  diagram  of  an  elementary  optical  device  with 
one  mirror.  1,  2  -  mirror;  3  -  observer;  4  -  scale 
lighting;  3,  6  -  scales. 

9-5  The  Range-Height  Type  Indicator  for  Measuring  Height 


As  distinguished  frcao  the  foregoing,  in  the  range-height  indicator 
the  scale  of  the  elevation  sweep  expands  with  increase  in  the  range  and 
thus  simplifies  reading  the  height. 

In  order  to  create  sweep  in  height -range  coordinates  in  an  indicator 
with  fixed  deflection  coils,  it  is  necessary  to  feed  current  into  the 
horizontal  deflection  coil,  and  the  magnitude  of  this  current  is  propor¬ 
tional  to  the  horizontal  range  to  the  target: 


*tar  “  *l\or  =  V  003  e 

where 


*1 


c 

G 


is  a  coefficient  fixing  the  sensitivity  of  the  deflection  system; 


is  the  rate  at  which  the  electromagnetic  energy  is  propagated; 
is  the  target  elevation. 
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At  the  seme  tine,  the  vertical  deflection  coil  must  be  supplied  with  current, 

the  magnitude  of  which  is  proportional  to  target  height 

i  =  k„K  =  k,  t-  sin  t 

vert  3  % 


where 


k3  2 


The  diagrams  of  the  currents  flowing  in  the  deflection  coils  for  this 
case  are  shown  in  Figure  9.15a,  and  the  lines  of  equal  height  are  depicted 
on  the  screen  by  a  family  of  horizontal  lines. 


Figure  9-15.  Diagrams  of  currents  flowing  in  the  deflection  coils. 

A  -  vertical;  B  -  horizontal;  C  -  vertical  deflection 
sweep  current;  D  -  horizontal  deflection  sweep  current. 


If  a  small  sector  of  the  elevation  is  depicted  on  the  indicator  screen, 
time  t  is  often  used  as  the  horizontal  coordinate  (sweep  current  is  propor¬ 
tional  to  slant  range] ,  and  sin  e  as  e  is  used  as  the  vertical  coordinate. 
The  reading  of  range  data  Can  be  simplified  in  this  case,  but  the  lines  of 
equal  height  bend  upward  somewhat  with  an  increase  in  angle  c . 

Curvature  in  the  lines  of  equal  height  can  be  eliminated  if  the  hori¬ 
zontal  deflection  coil  is  fed  a  current  proportional  to  the  range,  and 
the  vertical  deflection  coil  is  fed  a  current  proportional  to  the  height 
(fig.  9.15b) ,  that  is 

V  “  kiR  =  V* 


i  =  k,H 
vert  3 


k^t  sin  e 


A  sawtooth  voltage  across  the  input  to  the  output  stage  will  result 
in  a  sweep  current  proportional  to  the  range. 

In  order  to  obtain  the  sweep  current  to  feed  to  the  vertically  deflected 


coil,  it  is  necessary  to  form  a  sawtooth  voltage  and  multiply  it  by  the  sine 
of  the  angle  of  rotation  of  the  antenna  in  the  vertical  plane. 
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The  earth's  curvature,  and  the  refraction  of  radio  waves,  must  be  -taken 
into  consideration  in  determining  the  height  relative  to  the  earth* a  surface 
at  long  ranges.  The  formula  for  so  doing  is  in  the  form 

H  -  R  sin  €  «► 

2r 

e 

where 

r  is  the  effective  radius  of  the  earth, 
e 

In  this  case  the  sweep 'current  flowing  in  the  deflection  Coils  must  have 
been  changed  in  accordance  with  the  following  law 

W  1  V'  Vert  “  V  «  *  V2’ 

that  is,  the  current  flowing  in  the  vertical  deflection  coils  must  have  an 
additional  parabolic  component. 

Integration  is  one  of  the  simplest  methods  to  use  to  obtain  a  para* 
bolic— shaped  voltage.  Integration  changes  the  sawtooth  into  a  parabolic 
voltage.  Chapter  VI  discusses  integration  circuits. 

In  range-height  indicators,  the  sweep  lines  go  off  the  tube  screen  at 
high  elevations  and  heavy  sweep  current  is  required  to  create  them.  During 
sweep  flyback  the  high  rate  of  decay  can  cause  excessive  overloading  and 
damage  to  deflection  coil  insulation.  Hence,  rise  in  current  at  high 
elevations  oust  be  eliminated  n  indicators.  This  is  done  by  using  circuits 
limiting  amplitude  sweep  voltage  amplitude  or  by  using  circuits  automatically 
changing  the  sweep  voltage  duration. 

The  level  of  limitation  is  fixed  by  the  moment  in  time  the  b earn  reaches 
the  upper  edge  of  the  scale  on  the  indicator  screen. 

9*6  Indicators  for  Semiautomatic  Pickoff 

Semiautomatic  information  pickoff,  automatic  transmission,  and  repro¬ 
duction  of  target  pips  is  the  procedure  used  to  reduce  the  time  required 
to  transmit  and  reproduce  measured  da*?*  Semiautomatic  pickoff  can  be 
accomplished  with  conventional  radar  indicators  of  various  types,  but  the 
indicator  must  be  equipped  with  a  special  optical -mechanical  pickoff,  as 
well  as  with  special  indicators  for  semiautomatic  pickoff,  using  the  elec¬ 
tronic-optical  pickoff  method.  This  method  involves  the  reproduction  on 
the  indicator  screen  Of  a  Spot  of  light  which  the  operator  mechanically 
matches  with  the  target  pip,  thus  "pinning  down”  the  -->ordiiaates.  The  most 
widely  used  practical  method  is  the  electronic-optical  one,  the  essence  of 
which  involves  reproducing  an  electronic  marker  on  the  screen,  the  position 
of  which  is  fixed  by  the  values  of  the  constant  components  of  the  voltage 
picked  off  the  arms  of  the  potentiometers  in  the  pickoff  device.  The 
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electronic— optical  method  is  realized  in  special  indicators,  the  principle 
of  construction  of  vhich  differs  substantially  from  that  discussed  in  the 
foregoing.  In  these  Indicators  the  glow  of  the  primary  radar  situation  is 
superimposed  on  the  secondary  signals,  vhich  later  ean  be  target  pips, 
markers,  symbols,  figures,  and  the  like.  Constant  voltages  must  be  used 
to  reproduce  the  secondary  signals.  Cteie  fixed  deflection  system  will  repro¬ 
duce  the  primary  radar  situation  and  the  secondary  signals.  The  block 
schematic  of  the  apparatus  for  reproducing  the  primary  situation  is  no 
different  in  principle  from. the  PP1  with  the  fixed  deflection  system  dis¬ 
cussed  in  the  foregoing,  one  in  which  the  situation  is  reproduced  in  polar 
coordinates.  Special  equipment  is  usually  needed  in  the  indicator  because 
the  pickoff  is  usually  in  rectangular  coordinates.  Figure  9-1 6  is  a  func¬ 
tional  schematic  included  to  explain  the  principle  of  the  electronie- 
optical  method.  An  electronic  marker,  the  position  of  which  is  fixed  by 
voltages  and  picked  off  the  potentiometers  in  the  pickoff  divide, 

R^  and  is  brought  out  on  the  screen.  The  arms  of  these  potentiometers 
are  moved  by  the  operator  through  a  mechanical  transmission,  and  the  marker 
moves  on  the  screen.  At  the  moment  the  marker  and  the  target  pip  match  the 
pickoff  button  is  pressed  and  relay  P  functions.  The  contacts  of  this  relay 
connect  the  outputs  from  the  coordinate  potentiometers  to  the  storage  devices, 
and  0^,  in  which  voltages  and  U_^  are  clamped.  These  voltages  can 

then  be  transmitted  to  the  reflecting  device  directly,  or  it  can  be  coded 
first  and  than  transmitted  over  communication  channels  in  code.  Marker  pip 
reproduction  requires  cutting  off,  for  some  period  of  time,  the  scanning 
sawtooth  voltages  fed  to  the  deflection  eoils,  and ,  at  this  same  time,  feed 
in  the  constant  voltages  for  the  marker.  The  frequency  at  which  it  is  neces¬ 
sary  to  cause  the  marker*  to  glow  should  be  such  that  on  the  one  hand  the 
marker  ean  be  observed  as  a  non-flickering  point,  on  the  other,  that 
the  information  lost  as  a  result  of  the  curtailment  of  the  sweep  be  a  minimum. 
It  ia  considered  that  a  marker  glow'  frequency  of  15  to  16  hertz  satisfies 
this  requirement.  Curtailment  of  the  delivery  of  the  sawtooth  voltage  sweeps 
is  carried  out  by  a  special  inhibitor  which  can  be  synchronized  off  the 
common  synchronization  system.  In  addition  to  inhibiting  sweep  intensifica¬ 
tion,  a  marker  intensification  pulse  must  be  delivered  to  the  tube's  control 
electrode. 
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Figure  9.16.  Functional  schematic  of  the  electronic-optical  pickoff 
method. 

A  -  trigger  pulses;  B  -  synchronization  pulses;  C  - 
marker  intensification  pulses;  D  -  circuit  for  inhibiting 
sweep  intensification;  E  -  interrogation  pulses;  F  - 
mixer;  6  -  radar  signals;  K  —  sweep  intensification;  I  — 
pickoff;  J  -  amplifier. 

Figure  9*17  shows  the  voltage  diagrams  explaining  the  electronic-optical 
pickoff  method.  Vhen  the  semi  automatic  pickoff  indicator  is  mated  with  a 
short-range  radar,  the  intensification  Of  the  primary  situation  and  the 
secondary  signals  can  be  carried  out  in  one  sweep  period*  A  variety  of 
conventional  symbols  and  numbers  can  he  intensified  on  the  semiautomatic 
pickoff  indicators,  simplifying  the  work.  Two  methods  are  used  to  intensify 
numbers  and  symbols:  the  first  is  by  the  tise  of  tissajous  figures,  the 
second  by  the  use  of  the  small  raster  format  method.  The  block  schematic 
explaining  the  principle  involved  in  the  first  method  is  shown,  in  Figure 
9.18.  Basic  components  in  the  circuit  are  the  sine  voltage  generator,  pro¬ 
ducing  a  frequency  oscillation,  f^,  and  a  doubler,  producing  a  frequency 
oscillation  2ffl.  Hie  sine  oscillations  produced  are  fed  into  a  special 
deflection  system,  and  an  image  resembling  the  number  8  will  appear  on  the 
screen.  By  intensifying  the  individual  sections  of  this  number  we  can 
obtain  all  nmhers  from  1  to  9,  as  well  as  several  conventional  symbols. 

The  sensitizing  pulses  can  be  shaped  from  these  sine  voltages,  shifted  the 
required  magnitude  in  phase,  as  well  as  uy  the  sensitizing  poise  shaping 
circuit.  Hie  small  raster  format  method  is  one  in  which  a  television  type 
raster  is  created  at  the  point  at  which  the  symbol  or  number  is  reproduced, 
and  the  individual  sections  of  this  raster  are  intensified.  This  method  has 
greater  possibilities  for  reproducing  numbers  and  symbols  than  does  the 
method  forms  from  the  Lifmajous  figures. 
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figure  9-17.  Voltage  curres  associated  with  Figure  9.16. 

A  —  trigger  pulses;  B  -  synchronization  pulses;  C  - 
sweep  inhibiting  pulses;  D  -  sensitizing  pulses. 
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Pi .©ere  9-1&-  Block  schematic  o  1  symbol  reproduction. 

A  -  to  deflection  system  for  numbers;  B  -  generator*  f  ; 
•C  -  doubler,  2f  *,  D  -  intensification  shaping ;  E  -  output 
stage;  F  -  to  ofintrol  electrode* 


Symbol  Indicators*  The  semiautomatic  pickoff  indicator  lets  us  combine 
the  properties  of  the  conventional  indicator  with  the  possibilities  for 
reproducing  special  symbols  and  numbers.  However*  there  are  indicators 
which  can  reflect  a  significantly  greater  amount  of  information  by  using  a 
variety  of  symbols.  These  are  called  symbol  indicators.  The  basis  of 
indicators  is  a  symbol -printing  tube,  with  a  special  matrix  with  symbols  inside 
the  neck.  The  electron  bean,  passing  through  the  matrix  at  the  required 
place,  "prints”  the  symbol  on  the  screen.  Symbol  indicators  are  most  often 
used  as  terminals  in  electronic  digital  computers  in  control  points. 


9*7*  Scale  Marker  Formation  Methods 

Azimuth  Marker  Formation  Methods 

Azimuth  scale  markers  must  be  fixed,  and  rigidly  synchronized  with 
antenna  rotation,  if  target  azimuth  is  to  be  established  accurately. 
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Each  azimuth  marker  oust  be  intensified  by  Just  one  cycle  of  the  out¬ 
going  trace  of  the  radial  sweep,  and  must  always  begin  with  the  beginning 
of  the  sweep.  If  this  requirement  is  not  satisfied,  the  scale  markers  will 
appear  chaotically,  they  will  be  seen  to  flicker,  and  will  he  defocused. 
Azimuth  determination  is  difficult  in  this  case.  This  can  be  eliminated  by 
rigidly  synchronizing  the  beginning  of  the  azimuth  scale  markers  with  the 
beginning  of  the  range  sweep. 

Marker  width,  tj,  must  satisfy  the  condition 


where 

T  is  the  pulse  repetition  frequency  for  the  radar. 

P 

If  this  condition  is  not  satisfied,  the  markers  will  be  intensified  by 
more  than  one  range  sweep,  and  this  will  cause  some  of  the  markers  to  appear 
more  brilliajvtly  than  o'there- 

A  typical  circuit  for  obtaining  azinuth  scale  markers  i«  showa  in 
Figure  9. 19.  Here  the  transmitter  is  connected  to  the  antenna  shaft  and 
produces  the  primary  signals  as  the  antenna  passes  through  predetermined 
angles,  the  magnitudes  of  which  can  be  fixed  by  the  reqtfired  resolution  for 
the  azimuth  markers.  The  primary  signals  are  triggered  by  the  circuit  for 
shaping  the  expanded  pulse  and  producing  a  pulse  with  a  width  somewhat 
greater  than  the  pulse  repetition  period  for  the  radar.  This  pulse  is  fed 
into  the  synchronization  stage,  which  is  a  coincidence  circuit.  Trigger 
pulses  are  fed  into  the  other  input  of  the  synchronization  stage.  At  the 
moment  pulses  coincide  the  circuit  functions  and  feeds  a  pulse  into  the 
scale  marker  generator,  where  the  synchronized,  azimuth  marker  is  formed. 


g  jbjjrr 


Figure  9.19.  Block  schematic  of  the  formation  of  aziwth  markers  and 
voltage  time  diagrams  at  various  points  in  the  formation 
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figure  9*19.  Block  schematic  o  1  tile  format  ion  of  azimuth  markers  and 

voltage  tine  diagrams  at  various  points  in  the  formation. 

A  -  reduction;  B  -  transmitter ;  C  -  expansion  circuit; 

D  -  trigger  pulses;  E  -  synchronization  circuit;  F  - 
scale  marker  generator;  G  —  to  cathode  ray  tube;  H  -  T  . 


The  electric-mechanical  method.  In  tills  method  the  transmitter  is  a 
cam  (fig*  9*20*)  connected  to  the  -antenna  shaft  through  a  reduction  and 
closes  contacts  1-2  as  many  times  during  one  antenna  revolution  as  is 
required  to  produce  the  azimuth  markers  Tor  one  antenna  revolution*  For 
example,  if  the  5°  scale  markers  are  to  be  formed,  the  contacts  must  close 
72  times  (360/72  =  3®)-  At  the  moment  the  contacts  close  there  is  a  pulse 
across  resistance  R,  and  this  pulse  is  also  the  primary  signal  for  the 
subsequent  formation.  The  advantage  of  this  circuit  is  its  simplicity. 

Xt  does  have  significant  shortcomings,  however,  including  short  contact 
life,  and  a  broad  scatter  in  times  of  occurrence  of  the  primary  signals, 
and  this,  in  the  final  analysis,  reflects  on  the  accuracy  with  which  the 
scale  markers  chart. 

The  photoelectric  method.  The  principle  involved  in  obtaining  markers 
by  the  photoelectric  method  is  explained  in  Figure  9.20b. 

Basic  components  are  the  light  source,  the  opaque  disk  with  radial 
apertures,  the  photo  electric  cell,  and  the  amplifier. 

The  disk  is  connected  to  the  antenna  shaft  through  a  reduction.  As  the 
antenna  rotates  the  light  beam  passes  through  the  apertures,  striking  the 
photoel ectric  cell,  and  producing  a  pulse  of  current.  The  amplified  pulse 
in  then  uced  as  -che  primary  signal.  The  pulse  repetition  period,  T^  depends 
on  the  reduction  ratio  and  the  number  of  slots  in  the  disk,  and  equals 
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where 

i  is  the  reduction  ratio; 

r 

n  is  the  number  of  slots  in  the  disk, 

s 

This  is  a  more  complicated  circuit  to  manufacture,  but  can  be  used  when 
antenna  rotation  rates  are  high. 


Selsyns  and  the  Zero  Reading  Method 
This  method  is  widely  used  in  circuits  for  forming  azimuth  markers 
because  it  is  simple  and  dependable.  The  basic  components  (fig.  9.20c)  are 
the  aelsyn  transmitter,  the  selsyn  transformer,  and  the  shaper. 

I he  selsyn  transmitter  rotates  with  the  antenna.  The  selsyn  transmitter 
ro^or  will  rotate  at  a  rate  that  depends  on  the  reduction  gear  transmission 
ratio. 
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The  selsyn  transformer,  tfe*  rotor  of  which  is  fi?:ed,  is  electrically 
connected  to  the  selsyn  t r ansa itter .  A  voltage  with  a.  frequency  that  of 
the  voltage  supplied  to  the  stator  of  the  selsyn  transmitter,  but  nodulated 
by  the  amplitude  of  antenna  rotation  frequency  (or  a  multiply  of  it)  appears 
across  the  rotor  windings.  This  is  the  voltage  that  is  applied  across  the 
shaper,  which  detects  and  forms  the  envelope. 


Figure  9*20*  Azimuth  pulse  transmitters. 

a  -  electric-mechanical;  b  -  photoelectric;  c  —  selsyn. 

A  -  light  source;  B  -  disk;  C  -  photo  electric  cell;  D  - 
amplifier;  E  -  reduction;  F  -  selsyn  transmitter;  G  - 
selsyn  transformer;  H  —  shaper. 


Every  time  the  envelope  thus  formed  passes  through  the  zero  value,  a 
triangular  pulse  is  formed  at  the  shaper  output ,  aid  the  width  of  this  pulse 
can  be  regulated  by  changing  the  shaper  clipping  level  (fig.  9-21).  These 
pulses  are  also  used  as  the  original  pulses  for  further  shaping  of  the  azimuth 
markers. 

The  reduction  transmission  ratio,  i  *  can  be  found  from  antenna  rotation 

r 

rate  and  marker  graduations  through  the  formula 

-  - 

xr  3?0T, 
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If  the  scale  is  to  have  two,  or  more.,  graduations,  there  must  be 
several  channels,  differing  only  in  the  ratio. 

Duple*  synchronization  is  required  for  the  formation  of  azimuth  scale 
pulses.  First,  the  markers  for  the  lowest  graduation  must  be  synchronized 
with  the  trigger  pulses,  and,  second,  the  marker  for  the  highest  graduation 
must  be  synchronized  with  the  markers  for  the  lowest  graduation. 

Range  Marker  Formation  Method 

For  convenience  in  reading  the  coordinates,  the  range  scale  markers 
should  he  soaped  in  the  form  of  short  electrical  pulses ,  the  amplitudes  of 
which  differ  according  to  the  marker  graduations.  Ordinarily,  the  amplitude 
of  the  marker  used  with  the  highest  graduation  exceeds  that  of  the  marker 
used  with  the  lowest  graduation  by  30  to  503#* 

Range  scale  pulses  should  be  formed  while  the  outgoing  trace  of  range 
sweep  lasts,  and  the  accuracy  with  which  they  are  plotted  should  remain 
constant  over  the  entire  range  scale. 


Figure  5*21.  Shaper  operating  principles. 

A  -  clipping  level. 

A  finely  controlled  crystal  oscillator,  which  functions  continuously 
(fig.  9.21}  is  used  as  the  marker  oscillator.  The  crystal  oscillator 
frequency  is  divided  into  stages  which  make  the  division  into  magnitudes 
corresponding  to  the  repetition  period  for  the  markers,  and  this  is  done  in 
order  to  obtain  the  synchronization  pulses. 

In  this  method  the  range  scale  markers  are  formed  from  the  IF  voltages 
generated  during  crystal  oscillator  frequency  division.  In  this  case,  the 
crystal  oscillator  frequency  must  not  be  lower  than  the  repetition  frequency 
for  the  scale  markers  on  the  lowest  graduation,  that  is, 

fco  ■ 
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where 

n  *  2,  3  ■  j 

t  is  the  specified  resolution  for  the  scale  markers., 
res 

The  principle  involved  in  division  of  the  repetition  frequency  for  the 
scale  markers  for  the  lowest  graduation  to  the  required  magnitude  is  used 
to  Obtain  the  scale  markers  for  the  highest  graduation.  For  example,  if 
the  markers  for  the  lowest  graduation  are  lO-km  markers  the  recurrence 
frequency  of  15  kHx  must  be  reduced  by  a  factor  of  5- 

9.8.  Three-Dimensional  Indicators 

There  are  two  basic  methods  that  can  be  used  to  obtain  three— dimensional 
indie ationss 

the  use  of  the  stereo  effect  which  creates  visibility  of  three-dimen¬ 
sional  images; 

building  three-dimensional  indicators  using  optical  and  mechanical 
equipment. 

The  first  method  utilizes  the  principle  of  a  special  optical  system 
superimposing  two  flat  images  to  obtain  a  three-dimensional  image.  Figure 
9*22  shows  a  schematic  diagram  explaining  the  functioning  of  an  indicator 
of  this  type. 


Figure  9.22.  Three-dimensional  indicator  using  stereo  effect. 

A  -  polarized  glosses;  B  -  signals  from  radar. 

Two  cathode  ray  tubes,  positioned  at  an  ang^o  of  90°  to  each  other  are 
used.  The  images  on  the  two  tubes  are  displaced  somewhat  relative  to  each 
other.  Polarized  filters,  C  and  D,  are  placed  in  front  of  each  of  the 
screens.  The  image  can  be  superimposed  by  a  semi-transparent  mirror,  E, 
which  i.  half  silvered.  Polarized  glasses  are  used  for  observations,  with 
the  left  eye  seeing  screen  B,  the  right  eye  screen  A- 
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xhe  electron  beam  is  deflected  in  accordance  trith  the  plane  coordinates  of 
the  target ,  and  the  screen  repeats  antenna  rotation  with  respect  to  elevation* 
A  phosphorescent  marker  forms  when  the  beam  hits  the  screen. 

Indicators  such  as  these  can  only  operate  off  radars  using  beam  scanning 
in  the  vertical  plane. 

9*9*  Color  Indicators 

Marker  discrimination  in  the  known  types  of  receivers "is  brought  about 
by  using  one  of  the  properties  of  the  human  eye  -  thst  of  sensitivity  to 
change  in  brilliance-  While  the  eye  can  distinguish  no  more  than  four  to 
six  gradations  of  brilliance.,  the  radar  signal  can.  have  a  very  great  many 
more  such  gradations-  So  conditions  are  created  wherein  not  all  the  details 
of  the  situation  brought  out  on  the  indicator  can  be  perceived  by  man,  or, 
putting  it  another  way,  not  all  the  potentials  of  the  radar  are  used  to  the 
maximum*  ftress  reports  suggest  that  one  way  to  increase  observation  effi¬ 
ciency  is  to  use  color  indicators,  so  the  human  eye  is  reacting  to  change 
in  color,  as  well  as  to  change  in  brilliance.  This  improves  signal  visi¬ 
bility  and  increases  the  effectiveness  of  operation  under  interference 
conditions*  The  essence  of  color  indication  is  that  signals  differing  in 
level  (amplitude)  are  reproduced  on  the  screen  in  different  colors.  If  two 
colors  are  used,  the  indicators  are  called  two— color  indicators,  if  more, 
they  are  called  multicolor  indicators. 

A  special  two-color  tube,  or  two  separate,  single-color  tubes,  with 
subsequent  optical  superimposition  of  the  image,  are  required  to  reproduce 
signals  of  different  levels  in  the  form  of  two  colors.  As  distinguished 
from  conventional  radars,  the  amplitude  curve  for  the  receiver- amplifier 
channel  in  the  radar  with  color  indication  must  have  a  section  in  the  form 
of  two  intersecting  straight  lines  (rising  and  falling).  Therefore, 
individual  channels  With  predetermined  amplitude  curves  for  each  color  are 
built  to  operate  an  indication  system  such  as  this  and  the  functions  of 
separating  the  signals  of  different  levels  and  converting  them  into  brilliant 
markers  of  different  colors  are  combined.  The  amplitude  curves  for  the 
channels  are  selected  so  weakly  reflected  targets  will  glow  in.  one  color, 
and  strongly  reflected  ones  will  glow  in  another,  or  in  an  intermediate. 
Color.  Experiments  have  'proven  that  the  human  eye  is  most  sensitive  to 
green  and  red,  so  these  two  colors  are  the  ones  most  widely  used  in  color 
indication  systems-  A  color  indication  system  can  also  be  built  by  selecting 
complementary  colors,  that  is,  mixing  them  in  a  predetermined  proportion; 
to  yield  a  definite  color.  An  indication  system  such  as  this  is  called  a 
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complementary  color  system#  Let  us,  briefly,  consider  the  circuitry  used 
to  design  a  radar  receiver- indicator  channel  for  a  two-color  indication 
system. 


Figure  9.24.  Block  schematic  of  two  tube  color  indication. 

A  -  IF  amplifier;  B  -  detector;  C  -  Channel  I  video 
amplifier;  D  -  subtraction  circuit;  E  -  Channel  I  signal 
amplifier;  F  -  ’'green  tube";  G  -  Channel  XI  video¬ 
amplifier;  H  -  Channel  II  signal  amplifier;  I  -  '‘red  tube". 

Figure  9-24  shows  one  way  in  which,  a  receiver- indicator  channel  with 
two  different  color  tubes^  can  be  designed.  In  this  circuit  the  output  from 
the  channel  II  video  amplifier  is  connected  into  the  subtraction  circuit, 
thus  providing  amplitude  curves  of  required  shape  for  both  channels.  Signals 
from  Channel  II  are  subtracted  from  signals  in  channel  I  as  the  signals 
flow  through  the  subtraction  circuit*  The  signals  thus  formed  control  the 
brilliance  of  the  tubes  with  red  and  green  persistence.  Mirrors  1  and  2 
are  used  to  make  an  optical  match  of  the  two-color  image  obtained.  It  should 
be  noted  that  there  are  definite  technical  difficulties  involved  in  designing 
this  system,  primarily  those  involved  with  the  bulk  of  the  apparatus.  This 
is  why  a  circuit  with  one  two-color  tube  and  two  control  beams  is  sometimes 
used.  Color  indicators  with  a  three-color  persistent  kinescope  (red,  green, 
blue)  can  be  designed  on  approximately  this  same  principle. 


9»10.  Lighting  Engineering  Units  and  Elements  of  the  Physiology  of  Vision. 

Die  capability  of  an  indicator  to  reproduce  a  situation,  and  the  capacity 
of  an  observer  to  evaluate  it,  are  used  in  making  visual  observations  of 
radar  signals.  The  images  reproduced  on  the  indicators,  *s  well  as  the 
observation  conditions,  should  be  such  that  maximum  operating  efficiency  is 
ensured. 

The  human  eye  is  most  sensitive  to  light  oscillations  with  a  wave  length 
of  Xg=  0-556  micron,  a  wave  length  corresponding  to  that  of  the  color  green. 
The  sensitivity  of  the  eye  to  other  colors  can  be  evaluated  by  a  parameter 
called  the  relative  luminous  efficiency  and  showing  the  percentage  of  the 
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power  of  light  with  wave  length  X^  that  can  constitute 

the  power  of  light  with  wave  length  a.  For  example,  the  relative  luminous 
efficiency  of  white  (day)  is  0.14.  Special  lighting  engineering  terms 
unite  are  used  to  make  a  quantitative  evaluation  of  the  result  of  the  effect 
of  light  on  the  human  eye. 

Luminous  flux.  The  unit  used  is  the  equivalent  luminous  flux  with 
wave  length  X^  -  0.556  micron,  and  called  the  light  watt.  The  fluxes  of 
light  with  other  wave  lengths  of  the  same  power  will  differ  in  accordance 
with  the  relative  visibility  factor.  In  practice,  units  smaller  than  the 
light  watt  by  a  factor  of  621,  and  called  the  lumen  (1st) ,  are  used  to  measure 
luminous  flux.  An  electric  lamp  rated  at  55  watts  yields  a  luminous  flux  of 
about  650  lumens. 

Luminous  intensity.  *  Characterizes  the  angular  density  of  the  luminous 
flux,  that  is,  it  defines  the  magnitude  of  the  luminous  flux  radiated  in  a 
given  direction. 

The  unit  of  luminous  intensity  adopted  is  the  candle,  corresponding  to 
a  source  uniformly  radiating  a  luminous  flux  of  1  lumen  at  a  solid  angle 
equal  to  a  steradisn. 

Imagination.  Defined  as  the  magnitude  of  the  luminous  flux  incident 

per  unit  area.  The  unit  of  illumination  is  1  lx  (lux),  and  is  the  Ultra ina- 

2 

tion  of  a  section  of  a  surface  with  an  area  of  1  m  covered  by  a  luminous 


flux  of  1  lumen. 

Examples  of  illumination  (in  lux)  are: 

minimum  illumination  needed  for  reading  20-30 

illumination  in  a  liohted  room  in  the  daytime  100 

illuaination  in  an  open  area  in  cloudy  weather  1,000 

illumination  in  the  summer  time  under  the  direct 

rays  of  the  sun  100,000 


Luminance. characterizes  the  source  of  radiation  and  equals  the  luminous 
intensity  arriving  per  unit  area  of  the  projection  of  the  luminous  surface 
on  a  plane  perpendicular  to  the  given  direction.  The  unit  of  luminance  is 
the  nit  (nt)  ,  that  is,  the  liana  nance  of  a  surface  yielding  a  luminous 
intensity  of  1  candela  per  square  meter  in  a  direction  perpendicular  to  it. 
Luminance  is  the  basic  magnitude  to  which  the  human  eye  reacts  when  looking 
at  «n  illuminated  or  luminous  surface. 


Examples  of  luminance  values  (in  nits)  are: 
sun  at  noon 
projector  arc 

filament  of  a  lighting  lamp 
luminescent  lamps 


109  -  2»109 

4-108  -  15-IO8 

6  6 
3-10  -  20-10 

5*103  -  10.103 
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normal  motion  picture  screen  60 

image  on  indicator  screen  10-30 

Contrast  characterizes  the  relationship  of  the  luminance  of  the  lightest 
section  to  the  luminance  of  the  darkest  section.  Good  photographic  contrast 
is  100  and  higher.  The  radar  image  has  infinitely  less  contrast. 

The  eye  is  a  recording  device  and  possesses  a  number  of  properties 
which  oust  be  taken  into  consideration  when  observations  are  being  organized. 
The  capabilities  of  the  eye  oust  also  be  represented  in  evaluating  the  obser¬ 
vability  of  subjects,  in  evaluating  accuracy  in  determining  coordinates,  the 
basic  operations  carried  out  by  the  operator  during  his  observations. 

Visual  evaluation  of  luminance.  The  sexisitiv ity  of  the  eye  to  luminance 
can  be  characterized  by  three  magnitudes  of  sensitivity;  absolute,  difference, 
and  upper  thresholds  of  sensitivity.  The  eye  is  not  satisfactory  for  making 
accurate  quantitative  evaluations.  It  can  distinguish  weak  luminances  when 
the  distinction  between  small  subjects  is  associated  with  intensities,  and 
Strong  luminances  associated  with  tbe  painful  sensations  of  being  blinded. 

The  absolute  threshold  of  sensitivity  defines  the  least  luminance 
Causing  light  sensation.  It  is  determined  by  individual  properties  Of  the 
eye  and  the  degree  of  its  preliminary  preparation  (adaptation)  to  observation 
conditions.  Extremely  significant  is  the  preliminary  ad  apt  at  ion  to  darkness 
to  cope  with  the  conditions  under  which  a  radar  indicator  screen  is  observed. 

-4 

For  the  dark  adapted  eye  the  absolute  threshold  of  sensitivity  is  10  to 
lO  ^  nits  for  a  luminous  surface  with  an  area  on  the  order  of  a  few  square 
centimeters  at  a  distance  of  25  to  35  cra,  and  at  least  several  seconds  of 
observation  time.  For  these  same  conditions  the  absolute  threshold  of 
sensitivity  for  the  daylight  adapted  eye  is  0.3  nit. 

The  difference  threshold  of  sensitivity  establishes  the  least  difference 
between  two  different  luminances  being  compared  by  tbe  eye.  The  upper  thres¬ 
hold  of  sensitivity  establishes  the  greatest  luminance  of  a  luminous  field 
the  eye  can  withstand  without  being  blinded. 

Visual  evaluation  of  observation  results.  The  evaluation  of  dimensions 
is  determined  by  visual  acuity,  that  is,  tbe  capacity  of  the  eye  to  distinguish 
snail  details.  The  quantitative  sensitivity  of  the  eye  to  the  difference  in 
details  can  be  characterized  by  three  thresholds;  non -separated  vision, 

Split  vision,  and  recognition  of  shape.  The  threshold  of  non -separated 
vision  is  defined  as  the  least  angle  at  which  tbe  image  detail  becomes 
visible  as  a  non-separ at ed  spot. 

The  threshold  of  split  vision  is  defined  as  the  least  auglo  between 
two  adjacent  objects  under  observation,  at  which  they  are  still  seen  separately. 
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For  oo3i  people  this  angle  is  35  to  40"  (about  O.Ot  to  0.05  «w>).  The 
threshold  of  s,- lit  vision  depends  on  the  magnitude,  shape,  and  position-  of 
the  objects,  as  well  as  on  their  luminance,  color,  and  observation  conditions. 

The  threshold  of  recognition  of  shape  is  defined  as  the  least  angle 
characterising  definite  dimensions  of  the  details  of  an  object  subject  to 
evaluation  in  connection  with  ohservstion  missions. 

In  radar  indicators  the  task  of  visual  evaluation  arises  in  determining 
the  position  of  the  marker  with  respect  to  the  lines  on  the  scale,  during 
visual  determination  of  the  center  of  the  marker,  its  origin,  or  end,  and 
in  the  visual  relating  of  these  points  to  the  lines  on  the  scale,  in  the 
behavior  of  the  amplitude  markers  with  respect  to  the  noise  path,  in  target 
resolution,  and  the  like.  Errors  associated  with  visual  evaluation  of 
results  depend  on  the  degree  of  focusing,  luminance,  adaptation,  and  many 
other  external  factors. 

Vision  fatigue.  Insufficient  luminance  of  the  image,  and  unevenness 
in  lighting,  lead  to  strain  on  vision  and  as  a  result  to  fatigue.  Fatigue 
causes  a  reduction  in  contrast  sensitivity,  in  visual  acuity,  and  in 
stability,  that  is,  s  reduction  in  the  efficiency  with  which  the  observer 
functions.  It  is  very  important  that  observation  conditions  for  the  operator 
be  created  (darkening  of  the  compartment,  average  luminance,  and  the  like) 
such  that  a  minimum  of  visual  strain  occurs. 
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Automatic  Control  Systems  for  Electronic  Devices 


Automatic  control  systems  for  electronic  devices  are  systems  of  automatic 
regulation  and  control.  An  automatic  control  system  consists  of  a  set  of 
devices  which  control  an  object  without  direct  human  participation. 

The  problem  of  control  i a  considered  to  be  the  regulation  of  one  or 
several  physical  values  characterizing  the  stage  of  the  object  to  be  controlled. 

An  automatic  control  system  is  a  system  -which  operates  automatically  to 
maintain  a  certain  physical  value  constant  or  to  change  it  according  to  a 
given  or  previously  unknown  rule. 

The  very  simplest  as  -well  as  extremely  complex  automatic  control  systems 
of  every  type,  construction*  and  purpose  have  certain  design  principles  and 
functional  rules  in  common. 

10.1.  Operating  Principle  and  Functional  Diagram  of  an  Automatic  Control 
System _  _ 

An  automatic  control  system  may  be  one  of  two  types:  open-loop  or 
c  lo  sed - 1  oop  • 

The  block  diagram  of  an  open-loop  system  is  shown  in  Fig.  10.1.  In  open 
systems,  there  is  no  feedback  from  the  output*  to  the  input  and  consequently, 
the  control  process  does  not  depend  on  the  results  of  the  system  operations , 
on  bow  the  system  carries  out  its  function* 


Figure  10.1.  Block  diagram  of  an  open-loop  system. 

1  -  Drive;  Z  -  amplify ing-converting  device;  3  -  actuator; 

4  •*  regulated  (controlled)  object. 

The  device  used  to  produce  the  required  input  value  x  (given  value)  is 
called  the  drive.  In  the  amplifying -converting  device,  the  input  signal  is 
amplified  and  converted  into  a  controlling  action*  which  is  applied  to  the 
actuator.  The  actuator  acts  on  the  controlled  object,  controlling  the  value 
y  ‘(the  regulated  value)  which  characterizes  the  state  of  the  given  object. 

All  open-loop  systems  have  great  faults,  which  are  caused  by  the  absence 
of  feedback;  there  is  no  way  of  controlling  the  regulating  process,  and  there 
is  no. way  of  controlling  the  regulating  process,  and  there  is  no  correction 
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it  the  controlled  value  does  not  correspond  to  the  given  value* 

Closed-loop  automatic  control  &y stems  are  more  feasible.  A  typical 
automatic  control  system  block  diagram  is  shown  in  Fig*  10*2* 


Figure  10.2*  block  diagram  of  a  closed-loop  automatic  control  system* 

1  -  Driven  2  -  measuring  device;  3  ”  amplify ing-converting 
device;  4  -  actuator;  5  -  regulated  (controlled)  object; 

6  -  Regulator;  7  -  feedback* 

In  these  systems,  there  is  feedback  between  output  and  input  systems. 

The  controlled  value  y  is  applied  through  the  feedback  loop  to  the  measuring 
device,  where  it  is  compared  with  the  given  value  x.  As  a  result  of  comparison 
of  these  two  values,  an  error  signal  (mismatch)  is  produced,  proportional  to 
the  difference  z=x-y. 

Xn  the  amplify  in  p-conv  ex f  ing  device,  the  error  signal  is  amplified  and 
converted  to  a  form  suitable  for  applying  to  the  actuator. 

The  actuator  acts  on  the  controlled  object  and  changes  the  regulated 
value  in  such  a  way  that  its  deviation  from  the  given  value  is  completely 
eliminated  or  reduced  to  an  allowable  amount* 

Separate  elnmU  in  some  system  may  be  expressed  implicitly  or  may  be 
absent,  or  may  be  combined  into  units*  A  special  drive  device  may  be  lacking* 
In  seme  systems,  the  actuator  may  be  completely  combined  with  the  amplifying- 
con verting  device  and  raay.be  called  the  regulator  (controller) *  Correction 
signals  are  generated  in  this  device  to  provide  stability  and  the  required 
indicators  of  the  quality  of  the  regulating  process* 

The  control  device  is  sometimes  lumped  together  with  the  measuring 
device  ana  called  the  regulator*  Then  any  automatic  control  system  consists 
of  a  regulator  and  regulated  object.  The  regulator  is  used  to  hold  constant 
or  to  vary  according  to  a  given  rule  one  or  several  physical  quantities 
characterizing  the  processes  in  the  controlled  objects,  their  position,  or 
parameters  of  motion. 

Under  actual  operating  conditions,  an  automatic  control  system  may  be 
subject  to  disturbances  as  well  as  to  a  useful  signal.  Disturbances  (inter¬ 
ference)  may  affect  the  controlled  object  or  the  regulator. 

A  normally  functioning  automatic  control  system  should  meet  the  speci¬ 
fications  of  operational  stability,  control  quality,  and  operational  accuracy. 
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10.2.  Stability  of  Automatic  Regulation  and  Control  Systems 

The  stability  of  an  automatic  control  eystea  is  taken  to  moan  the 
ability  of  the  system  to  return  to  the  original  or  a  new  equilibrium  state 
after  a  change  in  the  driving  (controlling)  or  disturbing  signal. 

Stability  depends  on  the  system  parameters  and  above  sll  on  gain. 

The  stability  of  an  automatic  control  system  may  be  judged  by  intro¬ 
ducing  the  free  component  of  a  transient  process.  If  the  free  component 

Y  is  attenuated  in  the  course  of  time,  i.e. ,  at  t  4  ®.  Y  ■*  O,  the  system 
i r  ir 

is  stable.  If  increases  with  time  or  shot's  imd«unped  oscillations,  then 
the  system  is  unstable. 

Figure  10.3  shows  graphs  of  a  transient  process  in  an  unstable  system 
(a),  a  stable  system  (b) ,  and  a  system  on  the  borderline  of  stability  (c). 


Figure  10.3*  Graphs  of  a  transient  process  in  an  unstable  system  (a), 


a  stable  system  (b)  ,  and  a  system  on  the  borderline  of 
stability  (c)  . 


Hie  required  margin  of  stability  is  provided  by  choosing  the  system 
parameters  and  connecting  correction  (stabilizing)  devices  to  deform  its 
amplitude-phase  characteristic  in  a  suitable  *rev.  Hie  stability  margin  may 
be  estimated  by  the  amplitude  and  phase  stability  margins. 

The  margin  of  amplitude  stability  (modulus)  AN  indicates  by  how  many 
times  (how  many  decibels)  the  modulus  N(coJ  of  the  amplitude-phase  charac¬ 
teristic  of  an  open  loop  system  at  frequency  oj^  must  be  increased  so  that 
it  passes  through  the  point  (-1,  jO)  (Fig.  10-4). 
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The  phase  stability  cur 3 in  £9^  is  taken  to  mean  the  angle  between  the 
amplitude-phase  characteristic  vector  with  modulus  N ( aO  ■  1  and  the  negative 
real  axis* 

Acceptable  values  for  stability  margins  of  amplitude  and  phase  lie  within 
the  following  limits:  dN^  «  10-15  dB ;  <lCPg  *  30-50** 

10*3  The  Quality  of  Automatic  Control  Systems 

In  a  stable  automatic  control  system,  the  free  component  ol“  a  transient 
process  dies  out  with  time. 

A  transient  process  is  a  process  of  change  with  time  of  the  state  of  a 
dynamic  system  from  the  moment  it  is  acted  upon  until  a  stabilised  process 
is  begun. 

The  quality  of  a  system  may  be  judged  by  its  behavior  in  the  transient 
mode  in  response  to  a  single  step  action  (Fig.  10*5)  on  the  initially  quies¬ 
cent  system. 


Figure  10-5*  Characteristics  of  a  transient  process* 

Systems  are  qualitatively  determined  by  a  set  of  characteristics  of 

the  transient  process,  called  quality  indicators. 

The  following  direct  quality  indicators  are  usually  used: 

1*  Regulation  time  (time  of  the  transient  process)  tt  -  the  time  in 

the  course  of  which  the  output  signal  does  not  deviate  more  than  5-10%  from 

the  stahxli2ed  value,  lie.,  c  =  (O.OJ-O-DY^. 

2*  Rise  time  -  the  time  interval  in  the  course  of  which  the  output 

attain*  its  stable  value  for  the  first  time. 

3*  Overcontrol  a%  -  the  ratio  of  maximum  deviation  &Y  to  the  sta- 

max 

b Hired  value  in  a  direction  opposite  to  the  initial  deviation,  expressed 
in  %s 

AY  ^ 

cr*  =  -~L  100%  (10.2) 

3 

Permissible  values  of  o%  lie  within  the  limits  20-40%. 

4*  Number  of  oscillations  n  and  frequency  of  oscillations  f  of  the 
output  T  in  the  course  of  tho  transient  process. 
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Usually  n  should  be  held  to  0.5-3* 

The  accuracy  of  an  .automatic  control  system  operating  in  the  presence 
of  a  useful,  regular  si Qnal  x(t)  and  a  random  disturbance  (interference) 
p(t)  is  determined,  on  one  hand,  by  the  dynamic  error  z^,  and  on  the  other 
hand,  by  random  error  z^. 

Dynamic  error  is  taken  to  mean  an  error  of  the  system  aue  to  inexact 
termination  of  the  regular  component  of  the  input  signal,  and  random  error 
is  an  error  produced  by  the  effect  of  interference* 

When  a  slowly  changing  signal  x(t)  is  applied  to  the  system,  the  ultimate- 
state  dynamic  error  is  determined  by  the  series 

Itwre  CQ,  C  ,  C2  ...  -  coefficients  of  dynamic  error; 

*(t) ,  ^?(t)  ...  -  corresponding  derivatives  of  the  input  signal. 

The  terms  of  the  series  are  usually  called: 

C^r^Ct)  -  position  error  (signal  error); 

Cji(t)  -  velocity  error; 

C£3(t)  -  acceleration  error,  etc. 

To  determine  dynamic  error,  the  error  coefficients  and  the  derivatives 

of  the  input  signal  must  be  calculated. 

The  error  coefficients  C.  are  determined  by  the  transfer  function  of  the 
X 

system  in  the  open  state  K  (p)  .  The  table  below  shows  some  first  error  coef-  ■ 
P 

ficients  for  a  system  with  various  numbers  of  integrating  elements. 


'  VlCW 

pyraja  Mam 

2 

Dnufia 

4 

np4«M*«UMW 

0 

C, 

1 

J+A« 

5  K«.  Ky.  «,-*»*- 

tmucKiM  yoiacHiu 

•  CHCTeuu  ■  pajewKuy- 

c# 

1  0 

TOM  COCTO»!UU 

1 

1 

Ci 

■K 

2 

Q> 

Q 

c. 

0 

Ct 

2 

. 

Table  1  •  First  error  coefficients  for  a  system  with  various  numbers 
of  integrating  elements. 

3  -  Number  of  integrating  elements;  2  -  error  coefficient; 

3  -  formula;  4  -  note;  5  “  amplification  factors  of  the  system 
in  the  open  state. 


Fhcwnple:  For  a  system  with  one  integrating  element  and  open  state  gain 
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Ky  ■  200/s ec ,  it  is  required  to  determine  dynamic  error  if  the  input  signal 
changes  with  constant  velocity  V  =  800  m/®t  i.e.,  ac(t)  »  Vt  *  800  t- 

Solution.  The  first  derivative  of  x(t)  =  V  =  800  m/sec,  and  the  second 
and  higher  order  derivatives  of  the  input  signal  are  equal  to  zero.  From 
(10.3)  Wi  the  table,  dynamic  error  will  be  equal  to 

%W  =  <V.  (0  +  cvr(.0  =  ^-  =  |^  =  <*. 

System  error  produced  by  the  first  derivative  (velocity)  of  the  input 

signal  is  usually  called  velocity  error,  and  the  coefficient  Ky.  is  Called 

the  velocity  gain  or  velocity  Q  (dimensions  of  Q  are  i/sec). 

If  the  useful  control  signal  x(t)  and  the  disturbance  p(t)  represent  a 

stationary  random  process,  then  total  error  Z(t)  and  its  dynamic  and  random 

components,  2.(0  and  Z  (t)  respectively,  will  also  be  a  stationary  random 
d  c 

process*  In  this  case  the  mean  square  error  or  its  root -mean- square  value 
is  taken  as  the  measure  of  error. 

The  mean  square  error  of  an  automatic  control  system  may  be  calculated 
by  the  correlation  function  R^(t)  or  the  spectral  density  S^Cffl)  of  error; 

Ftf)  =  (C)  =  ^  J  SM  (-)  d».  (10.4) 

— «• 

If  the  control  and  disturbance  are  applied  to  the  system  input  and 
there  is  no  mutual  correlation  between  them,  the  mean  square  total  error 

—  ■£•  f  1 1  +  [  I  ?Sp(a)dl>,  (10.5) 


where  Xel^°^  ~  amplitude-frequency  characteristic  of  the  closed-loop 
system; 

S^(o>)  -  spectral  density  of  the  control  signal; 

S  (u>)  -  spectral  density  of  the  disturbance  signal. 

P 

The  integrals  of  (10.5)  may  be  calculated  analytically  or  graphically 
as  the  area  bounded  by  the  functions  under  the  integrals* 

The  mean-square  error  J  of  an  automatic  control  system  is  defined  as 
the  square  root  of  the  average  of  the  error  squared* 


£rjUTrpi  c 


The  transfer  function  of  a  servo  system  takes  the  form 


k,  Crt  = 


Pli  +  Tp)’ 

where  a  180  l/»ec  -  velocity  Q; 

T  -  time  constant. 


(10.7) 


At  the  input  of  the  servn  system  there  are  both  a  useful  regular  signal 


of  the  form 
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.(/)  =  .,  + Sir  i  (10.8) 

(where  n  -  100  deg/sec  -  ansular  velocity)  and  interference,  constituting 
white  noise  with  spectral  density 

2 

(10.9) 

he  system. 

Solution.  From  the  expression  Tor  the  transfer  \  j.on  (lC.7),  it  is 
evident  .that  the  aystea  includes  one  integrating  el«.  t  ithe  denominator 
contains  p  to  the  first  degree)  and  therefore,  according  to  the  data  in  the 


f,M  =  c=o.i±g-. 

It  is  required  to  determine  the  mean- square  err 


table  above. 


C.=  \Ctr.-^. 


The-  dynamic  component  of  error 

Q 

*4  -■  C«i«  4-  Cfi  =  -j£~ . 


(10.10) 


Ihe  transfer  function  of  the  servo  system  in  the  closed  state 

Kp{j>)  Kv 

*  i  +  X,(f)  ~  Tf  +  p+Ky' 

Substituting  p  **  jm  into  the  transfer  function,  we  obtain,  in  accordance 
with  (IO.5) ,  the  mean  square  interference  component  of  error*; 


"?  =  -£-(  IX  CHI' ft  (<•}<?•  = 


(10.11) 


The  mean  square  total  error 

F 


_3  .  JS_  ,  *v£_ 

Substituting  numerical  values  gives  the  root-o eon-square  error 


_ V  3  I'a  ./ l«*  ,  IW-O.J  „ ^ 

=  Kja^+— 5— • 

10.4.  Systems  for  Remote  Synchronous  Transmissions  of  Coordinates 


(10.12) 


Synchronous  Indicator  tranamissio ns  ore  often  used  in  radar  stations 
for  transaitting  data  on  range,  azimuth,  end  elevation  of  *  target  over 
greet  distances. 

Synchronous  transmission  indicates  a  system  which  provides  continuous 
match  in  the  position  of  two  or  several  shafts  (which  are  not  connected 
mechanically)  as  they  rotate. 

A  synchronous  electric  transmission  includes  the  following  el&senta 
(Fig.  10.6)  : 


The  method  of  calculating  the  integrals  is  shown  in  appendix  21  of  [L.ll 
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detector  D  -  a  device  which  converts  the  angle  of  rotation  of  the 
drive  shaft  DS  into  electrical  signals; 

receiver  R  -  a  device  which  accepts  the  electrical  signals  of  the 
sensor  and  tranafonw  then  into  an  angle  of  rotation  of  the  receiving  shaft 
RS; 

connection  line  CL  -  for  transmitting  electrical  signals  from  the 
sensor  to  the  receiver • 


Figure  10.6 •  Structural  diagram  of  a  synchronous  transmission. 

In  transmitting  coordinates  with  synchronous  transmission,  the  angular 
position  cr  of  the  drive  shaft  determines  the  transmitted  angle,  and  angular 
position  &  of  the  receiving  shaft  determines  the  transmitted  angle  reproduced 
at  the  receiving  point.  Thus  for  example,  if  the  drive  shaft  is  connected 
by  a  gear  transmission  to  the  lead  of  an  antenna,  then  the  pointer  connected 
with  xhe  receiving  shaft  will  indicate  the  azimuth  or  angular  position  of 
the  antenna.  The  range  may  be  also  transmitted  by  connecting  the  gear 
transmission  of  the  drive  shaft  to  a  range  potentiometer. 

Automatic  radar  systems  most  often  use  indicator  synchronous  transmis¬ 
sions.  Selsyna  are  used  as  detectors  and  receivers  in  indicator  synchronous 
transmission.  Figure  10.7  shows  the  circuit  of  one  variant  of  coupled  selsyna. 


Figure  10.7.  Circuit  of  an  indicator  synchronous  transmission 

The  circuit  consists  of  s el syn -detec tor  SD,  whose  rotor-position  gives 
the  transmitted  angle,  and  SC  1  syn -receiver  SR,  whose  rotor  rotation  reproduces 
the  transmitted  angle. 

Single-phase  rotor  excitation  windings  ara  connected  to  supply  source 
SS,  and  corresponding  phases1  of  the  three-phase  rotor  windings  are  inter¬ 
connected. 
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Single— phase  Alternating  current  in  the  stator  windings  sets  up  a 
pulsating  magnetic  excitation  flux  in  each  selsyn,  which  indicates  emfs  e^ , 
e* ,  e *  in  the  rotor  phase  windings  of  the  detector,  and  emfs  e_ *  e,  in 

2  J  A  Z  3 

the  receiver  phase  windings*  If  the  transmitter  and  receiver  rotors  are 
positioned  identically  with  respect  to  the  excitation  flux  and  the  oelsyns 
are  identical,  equal  emfs  will  be  induced  in  the  rotors.  Since  these  emfs 
are  opposing,  there  will  be  no  current  in  the  rotor  phases. 

If  the  transmitter  rotor  turns  through  a  certain  angle  relative  to  the 
receiver  rot  or,  the  corresponding  emfs  in  the  transmitter  and  receiver  phases 
will  no  longer  be  equal ;  compensating  currents  and  the  magnetic  fluxes  asso¬ 
ciated  with  them  will  arise  in  the  rotor  windings,  and  their  interaction 
with  the  stator  field  will  create  in  both  the  transmitter  and  the  receiver 
&  rotational  moment  which  will  try  to  match  the  positions  of  the  transmitter 
and  receiver  rotors.  The  receiver  rotor  will  assume  the  same  angular  position 
as  the  transmitter  rotor,  with  a  given  degree  of  accuracy. 

The  discrepancy  between  the  angle  of  rotation  of  the  transmitter  or  and 
of  the  receiver  3  is  called  the  angle  of  error  9  =  a  -  This  angle  in  the 
ultimate*  state  determines  the  error  of  the  synchronous  transmission. 

The  angular  error  0  depends  on  the  external  moments  constituting 

the  load  on  the  receiver  shaft;  ^ 

ex 

M  (10.13) 

s 

where  —  specific  synchronous  moment,  whose  value  is  given  in  the  certified 
data  of  the  aelsyns. 

A  deviation  in  the  operating  conditions  of  the  selsyns  from  nominal 
(change  ixz  friction  of  the  rings  and  bearings  due  to  scale  on  the  rings  and 
impurities  of  the  lubricant,  change  in  voltage  or  frequency  of  the  supply 
source,  length  of  the  connecting  line)  leads  to  reduced  operational  accuracy 
of  the  synchronous  transmission.  Two-speed  (dual  channel)  synchronous  trans¬ 
missions  are  used  to  increase  transmission  accuracy.  The  circuit  of  such  a 
transmission  is  shown  in  Fig.  10.3.  It  uses  two  parallel  synchronous  trans¬ 
missions  for  coarse  and  fine  readings.  The  drive  shaft  is  directly  connected 
to  the  coarse  selsyn  from  *the  transmitter  selsyn  and  through  a  reducing  gear 
with  accelerating  transmission  q  to.  the  fine  detector „  This  provides  highly 
accurate  data  readout  through  the  fine  channel  (see  servomechanisms  for  the 
deflection  system  of  a  plan  position  indicator. 
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Figure  10*6.  Circuit  of  a  two-speed  indicating  synchronous  transmission 

One  detector  selsyn  often  transmits  tho  elevations  of  two  or  more  selsyn- 
receivera.  Figure  10-9  shows  the  circuit  of  an  indicator  transmission , 

where  two  receivers  SR  and  SR  are  connected  in  parallel  to  one  detector 

1  2 

aelayn  SD. 


Figurs  10*9*  Parallel  operation  of  receiver  selsyns  in  a  synchronous 
transmission 


Special  detectors  (series  X>I)  ere  produced  industrially  for  operation 
with  various  numbers  of  receiving  selsyn*. 

Differential  selsyns  are  semetimea  used  for  remote  indicator  transmis¬ 
sion  of  an  angle. 

Differential  aelsyns  are  used  to  indicate  the  algebraic  sum  of  angular 
displacement  of  two  shafts  which  are  not  mechanically  connected. 

A  differential  selsyn  (diff  $>  is  connected  in  the  'rotor  winding  circuit 
of  aelsyns  and  5^  of  a  remote  angle  indicator  transmission,  as  shown  in 
Fig.  ig.IO.  In  this  circuit  the  different?  ol  selsyn  stay  operate  <u.  detector 


or  as  receiver. 


Figure  10.10.  Circuit  of  an  indicator  synchronous  transmission  with 
a  differential  oolsyn. 
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When  selsyn  a  and  operate  as  detectors  and  the  differential  selsyn 

as  a  receiver,  the  rotor  of  the  differential  selsyn  will  rotate  through  an 
angle  equal  to  the  algebraic  sum  of  the  angular  position*  of  selsyns  5^  and 


Contact -less  selsyns  may*  be  used  in  indicator  synchronous  transmissions* 
A  synchronous  transmission  comprises  either  two  contact -less  selsyna,  or 
one  contact  and  one  contact- less  selsyn. 

In  the  latter  case,  the  receiver  will  be  a  contact-less  selsyn  (CSR) 
and  the  detector  will  be  a  contact  selsyn.  The  three-phase  windings  of  the 
DS  rotor  and  the  CSR  stator  are  connected  together,  as  in  the  usual  induction 
transmission  (Pig*  10.11). 


Figure  10*11.  Circuit  of  a  synchronous  transmission  with  a  contact¬ 
less  selsjn 

Selsyna  may  be  used  in  the  transformer  mode  in  radio  electronic  devices* 
In  transformer  (measuring)  synchronous  transmission.  (Fig.  10.12) ,  the 
secondary  winding  of  the  detector  is  connected  to  the  three-phase  winding 
of  the  selsyn-transformer  ST*  The  load  is  connected  to  the  single  phase 
winding  of  the  transformer.  Supply  voltage  is  applied  to  the  excitation 
winding  of  the  detector. 


Figure  10*12*  Circuit  of  a  transformer  synchronous  transmission 


When  the  detector  rotor  turns  through  a  certain  angle,  an  ac  emf  is 
induced  in  the  single  phase  transformer  winding,  with  its  amplitude  propor¬ 
tional  to  the  angle  of  mismatch  between  the  angular  position  of  the  detector 
rotor  and  the  transformer  rotor,  and  the  phase  of  the  carrier  depends  on 
the  direction  (sign)  of  the  mismatch. 

The  fundamental  indicator  of  quality  of  remote  synchronous  transmissions 
is  the  error  in  transmitting  coordinates,  which  depends  mainly  bn  the  ^vccuracy 
class  of  the  selsyn*  and  the  load  on  tne  selsyn  receiver.  Contact  selsyns 
are  product  in  three  classes  of  accuracy. 
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Maxisun  error-. 

detector  selsyns  of  the  first  class: 

of  the  second  class: 
of  the  third  class: 
receiver  selsyns  of  the  first  class.: 

of  the  second  class: 
of  the  third  class: 


up  to  0.25° 
up  to  0.5°; 
up  to  1.0°: 
up  to  £  0.75*; 
fron  £  0-7?  to  ±  I.?*; 
from  £1.5  to  ±2.5*- 


10-5  Servomechanism  for  the  Deflecting  System  of  a  Plar.  Position  Indicator 

In  a  plan  position  indicator  (PPI),  the  scan  line  should  rotate  synchro¬ 
nously  and  in  phase  with  the  antenna  rotation.  This  is  accomplished  by 
rotating  the  deflecting  coil  of  an  electron  ray  tube  with  a  servomechanism. 

Figure  10.15  shows  s  simplified  circuit  of  a  servomechanism  for  rotating 
the  deflecting  system  of  an  electron  ray  tube  (ERT). 


Figure  10.13.  Simplified  circuit  of  a  servomechanism  for  rotating  the 
deflection  system  of  a  plan  position  indicator. 

To  increase  accuracy,  a  two-speed  measuring  device  with  coarse  and  fine 
readout  channels  and  an  additional  synchronization  device  are  used  as  the 
measuring  element. 

Hie  rotors  of  the  eoarae-readout  selsyn  detector  SD^  and  the  selsyn 

transformer  ST  are  connected  to  the  rotors  of  the  selsyns  in  the  fine- 

co 

readout  channel  SDf  and  ST^  through  the  reducing  gear  P  with  increasing 
mechanical  speed  l:q. 

When  the  antenn*  motor  rotates  the  antenna  in  the  horizontal  plane, 
the  matched  position  of  the  selsyn  pairs  is  disturbed- 
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For  soaII  mismatches  betw een  the  angular  position  of  the  antenna  and 
the  deflecting  winding,  a  voltage  greatly  exceeding  the  output  voltage  of 
the  ^co  **********  at  the  output  of  the  ST^,. 

After  simplification  in  the  power  amplifier  and  conversion  in  the  cor¬ 
recting  deviee,  the  fine  Channel  voltage  is  applied  to  the  drive  motor  of 
the  deflecting  ays t cm  which,  through  the  reducer,  swings  the  deflecting 

ays  tea  and  the  rotors  of  the  selsyn-transforaers  to  decrease  the  mismatch* 

The  scan  on  the  screen  of  the  electron  ray  tube  moves  to  a  new  position. 

However,  the  discussion  here  cannot  be  limited  to  the  fine  channel, 
because  the  transmission  mismatch  may  occur  in  different  ways.  When  the 

completes  one  rotation,  the  magnetic  flux  of  STf  makes  q  revolutions, 
that  is,  it  will  occupy  the  position  in  which  its  output  voltage  is  z^sro  a 
total  of  q  times.  Figure  10.14  a,  shows  a  graph  of  the  voltage  variation 

od  the  signal  windings  ST  and  ST.  in  relation  to  the  angle  of  mismatch  for 
co  Z 

an  uneven  transmission  number  q. 


$* 


for  uneven  (a)  and  even  (b)  transmission  number 

1  -  Voltage  U_;  2  -  voltage  U  ;  3  “  stable  null ; 

4  -  unstable  null;  5  “  "f alse^°null ;  6  -  voltage  U 


The  presence  of  q  positions  with  zero  voltage  at  the  ST^  output  may  lead 
to  spurious  matching  in  any  of  these  positions.  To  prevent  this,  the  system 
operates  in  the  coarse  channel  for  large  mi  matches,  thus  providing  only  one 
position  for  stable  matching  (stable  null)  ;  and  for  small  mismatches,  it 
operates  in  the  fine  channel.  The  channels  are  switched  automatically  by 
the  synchronization  (switching)  device. 

There  are  a  great  number  of  synchronization  devices  using  relays  or 
diode  circuits  or  other  nonlinear  elements.  Many  servo  systems  for  radio 
electronic  devices  use  a  synchronization  circuit  with  a  neon  lamp  (ML)  • 

When  the  mismatch  angles  exceed  9  *  2-5*  (for  q  *  36),  output  voltage 
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of  the  coaree  channel  after  amplification  in  the  synchronizing  device  is 
sufficiently  high  to  ignite  the  neon  lamp  (Pig,  10.13).  After  the  neon  lamp 
is  lit*  voltages  for  both  fine  and  eoarse  readout  appear  at  the  power  amplifier 
input.  Since  the  coarse  channel  voltage  is  larger  in  amplitude,  it  will  be 
the  controlling  voltage  until,  in  the  process  of  mismatching ,  the  neon  lamp 
is  extinguished,  and  the  fine  channel  voltage  will  become  the  controlling 
value. 


Hie  value  of  the  angle  of  mismatch  at  which  the  neon  lamp  is  ignited 

may  be  changed  by  adjusting  the  drive  with  potentiometer  P- 

The  supplementary  synchronizing  device  cannot  eliminate  the  stable  falsa 

equilibrium  (false  null)  which  appears  on  the  fine  channel  at  the  mismatch 

angle  of  180*  and  with  even  transmission  ratio  2  (Fig.  10.14,  h). 

To  eliminate  constant  error  at  180°,  an  additional  voltage  'J,  is 

connected  in  series  with  b  ,  the  voltage  cn  ST  ;  U.  is  taken  from  the 
co  ee  d 

secondary  winding  of  the  step-down  transformer  Tr,  which  in  connected  to  the 
supply  source  of  the  SO  excitation  windings.  With  the  supplementary  voltage, 
the  graph  of  total  voltage 


(10.14) 


of  the  coarse  channel  is  shifted  upward  (Fig.  10.14,  b);  and  at  the  "false” 

null  point,  it  will  he  ampin  to  set  the  synchronizing  device  into  operation. 

As  a  result  of  introducing  U  ,  voltage  U*  differs  from  zero  at 

C  CO 

9  -  l80*  a nd  9  -  0**  For  the  system  to  operate  normally,  signal  voltages  on 
the  coarse  arxi  Tine  channels  should  remain  equal  to  zero  at  6  *  0“*  To 
fulfill  this  condition,  the  OTco  *tAtor  rotates  through  a  certain  angle  9? 
close  to  one  fourth  the  period  of  variation  of  the  fine  chancel  voltage. 
Electronic  or  magnetic  amplifiers  may  be  used  in  the  servomechanism 
for  rotating  the  deflection  system  of  a  plan  position  indicator* 

In  some  radar  stations,  the  servo  system  in  supplemented  by  a  differential 
device  or  by  setting  the  scan  manually  in  any  position  or  at  the  hasic  voltage* 
Other  methods  of  rotating  the  deflection  windings  use  a  contact-less 
selsyn  with  two  stator  windings  connected  to  the  corresponding  coils  90°  away* 
Scan  current  passes  through  the  rotor  of  the  contact-less  selsyn,  which  is 
mechanically  connected  to  the  antenna*  la  place  of  a  sel syn-det ector ,  a 
•in-cos in  potentiometer  is  sometimes  used* 

The  basic  indicators  of  the  quality*  of  a  servomechanigg?  for  rotating 


Here  and  subsequently  in  calculating  the  technical  indicators  of  the  systems 
und.w  discussion,  it  is  assumed  that  they  have  acceptable  stability  margins. 
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the  deflection  system  of  a  plan-position  indicator  are: 
tracking  accuracy; 

time  for  the  system  to  enter  synchronization. 

10.6.  Servomechanisms  for  Controlling  Antennas 

Servomechanisms  using  aelsyns  with  an  electrical  machine  power  amplifier 
are  most  often  used  for  controlling  antennas  or  the  cab  of  a  radar  station. 

Figure  10.15  shows  the  circuit  of  a  servo  with  an  electrical  machine 
power  amplifier- 


Figure  10.15-  Servomechanism  with  an  electrical  machine  power  amplifier 

The  elements  of  the  system  are; 

a  measuring  device,  ‘consisting  of  selsyn-detector  S3  and  selsyn- 

t cans former  ST; 

phase  sensing  amplifier  PSA; 

electrical  machine  power  amplifier  EMA; 

actuator  A; 

reducer  P; 

controlled  object  0  (antenna,  cab); 

supplementary  feedback  F,  effected  through  dc  tachometer- generator  TG. 

The  s el syn -detect or  of  the  measuring  device  xB  located  at  the  control 
point  or  is  connected  to  the  drive  mechanism.  Depending  on  the  type  of 
radar  or  its  operating  mode,  the  rotor  of  the  selsyn-detector  is  mechanically 
connected  to  the  command  (drive)  shaft  and  may  rotate  with  constant  speed 
or  may  be  turned  manually  with  a  control  wheel.  The  rotor  of  the  selsyn- 
transformer  ir  connected  by  mechanical  feedback-  to  the  receiver  shaft-axis 
of  the  controlled  object.  When  there  is  a  mismatch  angle  between  the  coxmnand 
and  receiving  shafts,  an  error  signal  in  the  form  of  an  ac  voltage,  whose 
amplitude  depends  oi  the  amount  of  mismatch  and  whose  phase  depends  on  the 
sign  of  the  mismatch  angle,  appears  at  the  single-phase  winding  of  the 
sel  syn- transformer  . 

In  the  phase-sensing  amplifier,  the  error  signal  is  transformed  into  a 
dc  voltage,  which  is  applied  to  the  electrical  machine  amplifier  after  fil¬ 
tration.  The  amplified  control  voltage  is  supplied  to  the  actuator.  The 
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actuator  will  turn  the  controlled  object  and  the  sel  syn-transforaer  rotor 
through  toe  reducer  to  decrease  the  Mismatch  angle  until  the  angular  posi¬ 
tion  0  of  the  receiving  shaft  becomes  equal  to  the  angular  position  a  of  the 

COMUpd  flhAft . 

The  system  is  stabilised  by  feedback,  supplied  from  tachometer-generator 
TG  and  including  the  supplementary  circuit  K,  which  may  be  &  differentiating 
element.  To  increase  accuracy  of  the  servo,  a  two- speed  measuring  device 
is  often  used,  consisting  of  two  sel syn-detec tors  and  two  sel syn- transformers 
for  coarse  and  fine  readout*  This  type  of  measuring  device  has  been  discussed 
in  the  case  of  a  servo  for  rotating  the  deflection  system  of  a  plan  position 
indicator. 

Two  input  channels  are  sometimes  required,  which  may  influence  the 
actuator  independently  of  each  other.  Then  a  differential  selsyn  is  connected 
between  the  sel syn-d elector  and  the  selsyn -transformer,  as  shown  in  the  circuit 


Figure  10.1 6.  Circuit  for  including  a  differential  selsyn  in  a 
servomechanism. 

The  stator  windings  of  the  selsyn-dctector  SD  supply  the  stator  windings 
of  the  differential  selsyn,  and  the  rotor  windings  of  the  detector  are  con¬ 
nected  with  the  stator  windings  of  the  transformer.  When  the  input  shaft 
of  channel  I  or  channel  XX  rotates,  a  mismatch  voltage  corresponding  to  the 
given  channel  appeal's  on  the  terminals  of  the  ST  rotor  windings.  If  both 
input  shafts  rotate  simultaneously ,  the  mismatch  voltage  and  the  antenna 
rotation  toltagc  associated  with  it  will  bo  proportional  to  the  algebraic 
ra  of  the  rotations  of  both  input  shafts. 

Radar  display  cabs  are  often  rotated  by  electric  motors,  whose  rota¬ 
tional  velocity  is  varied  with  special  relay-contact  switches  or  with 
automatic  devices.  In  some  lystecs,  the  angular  velocity  of  an  asynchronous 
three  phase  motor  is  varied  by  switching  the  supply  windings  from  a  delta  to 
a  double  Y  with  an  automatic  machine. 

The  basic  quality  characteristic  of  a  servo  entem la  control  is  the  maximna 

dynamic  error  for  a  given  controlling  effect.  It  is  moot  often  required  that 

at  a  given  angular  velocity  G  deg/s  the  velocity  error  6  of  the  servo  with 

gain  JC  should  not  exceed  the  given  value  of  9  : 

v  max 
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the  video  pulse  (4)  i*  received.  To  this  end,  the  system  develops  a  selector 
pulse  (5)  in  the  fora  of  tvo  gate  pulses,  whose  time  position  is  controlled 
by  a  special  time  delay  circuit.  A  range  scale  is  associated  with  the  gate 
pulses. 

The  problem  of  automatic  range  tracking  is  to  automatically  eliminate 
mismatch  between  the  time  positions  of  the  video  pulse  and  the  tracking  gate 

pulse  At at  -t  . 

1  » 

A  time  discriminator  is  used  as  the  mismatch  measuring  element,  to  whose 
input  the  video  pulses  (4)*  from  the  receiver  output  and  the  tracking  gate 
pulses  (3)  are  applied.  In  the  discriminator  the  areas  of  the  video  pulse 
overlapped  by  the  first  and  second  gate  pulses  are  compared,  and  an  error 
signal  (5)  is  generated,  proportional  to  the  difference  in  areas,  taken  over 
the  left  and  right  gate  pulses.  The  error  voltage  in  the  form  of  short  two- 
polar  pulses  is  applied  to  the  memory  (fixing)  device,  where  it  is  converted 
into  a  continuous  control  signal. 

A  differential  detector  or  some  other  fixing  circuit  may  be  used  as  a 
memory  device,  in  which  the  error  pulses  are  recorded  on  the  first  period 
of  alternation  T  and  are  read  out  one  after  the  other.  The  sign  of  the 
resulting  error  voltage  is  determined  by  the  bias  voltage  of  the  gate  pulses 
relative  to  the  center  of  the  video  pulse. 

The  amplifying -correcting  device,  in  addition  to  amplifying,  stabilizes 
the  system  and  decreases  tracking  error. 

Range  finder  circuits  usually  include  one  or  two  integrating  elements 
and  a  focusing  element  for  stabilization. 

The  amplified  and  converted  error  signal  is  applied  to  the  actuator, 
which  changes  the  range  voltage  (6)  and  duration  Of  the  delay  pulse(2). 

Actuators  in  an  automatic  range  tracking  systen  can* be  low-power 
(3—5  V)  two-phase  asynchronous  motors  or  electronic  integrators.  Accordingly, 
the  time  delay  generator  may  be  either  a  circuit  with  capacitive  phase  reversal 
or  an  electronic  circuit  using  a  phantastron. 

The  gate  pulse  generator  includes  a  blocking  oscillator  and  a  delay 
line  or  two  blocking  oscillators. 

The  delay  pulse  circuit  generates  a  rectangular  pulse  which  begins 
simultaneously  with  the  transmitter  triggering  pulse  (l). 

The  trailing  edge  of  the  delay  pulse  in  the  gate-pulse  generator  is 
formed  into  the  first  gate  pulse,  and  the  trailing  edge  of  the  first  gate 
pulse  is  formed  into  the  second  gate  pulse. 

The  time  position  of  the  trailing  edge  of  the  delay  pulse  is  varied  by 
the  actuator  voltage  until  the  gate  pulse  is  located  symmetrically  relative 
to  the  video  signal. 
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Mil— tch  sxTUd  decreases,  and  range,  measured  by  the  system  and  pro¬ 
portional  to  the  interred  t^,  approaches  the  actual  range  vfaich  is  propor¬ 
tional  to  interval  t^*  Basic  indicators  of  the  quality  of’  an  automatic  range 
tracking  system  are  the  accuracy  in  determining  range,  and  the  range  at  which 
coordinates  are  determined  accurately* 

Vith  pulse  length  on  the  order  of  lps}  range  error  does  not  exceed 
25  a.  Depending  00  the  type  of  radar,  maxiaanai  range  at  which  coordinates 
are  determined  accurately  may  amount  to  tem;  to  hundreds  of  kilometers,  with 
the  minim  400-500  *  (for  a  target  angle  of  6-8*) . 

10.8.  Automatic  Azimuth  Tracking  System  with  Simultaneous  Spatial  Scanning 

The  functional  diagram  of  one  of  the  possible  variations  of  an  automatic 
azimuth  tracking  system  with  spatial  scanning  by  &  linear  sweep  of  the 
directionality  characteristic  is  shown  in  Pig.  10. IO. 


In  principle  the  given  system  is  analogous  to  the  automatic  range 
tracking  system.  The  differences  are  only  in  the  role  played  by  each  video 
signal  in  the  given  care  of  a  sequence  of  video  signals,  and  in  the  fact 
that  the  delay  generator  is  triggered  by  azimuth  triggering  pulses,  which 
are  generated  at  the  moment  the  radiation  pattern  of  the  antenna  passes 
its  maxima,  taken  after  the  beginning  of  the  azimuth  readout. 

A  sequence  of  video  pulses  arrives  at  the  input  to  the  phase  discrimina¬ 
tor  with  each  illumination  of  the  target.  In  the  phase  discriminator,  the 
time  positions  of  the  azimuth  gate  pulses  and  the  Center  of  gravity"  of 
the  signal  sequence  is  compared,  and  an  error  signal  is  generated.  The 
amplified  and  smoothed  error  voltage  affects  the  delay  generator  so  as  to 
decrease  the  difference  between  the  positions  of  the  azimuth  gate  pulses 
and  the  sequence  of  signals.  Azimuth  0^  measured  by  the  system  approximates 
the  true  azimuth  0^,  determined  by  the  time  position  of  the  center  of  the 
video  pulse  sequence* 
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This  method  at  determining  azimuth  is  used  both  in  the  cu«  of  circular' 
scanning  by  the  antenna  ray,  as  wall  as  for  sector  scanning.  An  analogous 
method  is  used  for  determining  target  elevation. 


10.9*  An  toast  ic  Direction  Tracking  System  with  Final  Scan 


The  principle  of  final  scan  at  the  directional  diagram  is  often  used 
with  automatic  direction  tracking  (APT)  in  precision  radar  stations.  Figure 
10.20  shows  the  functional  diagram  of  an  automatic  direction  tracking  system 
with  final  ray  scan. 


1  gwnef 


Figure  10.20.  Functional  diagram  of  an  automatic  direction  trucking 
system  with  fined  scon. 

1  -  Received  signals;  2-  selector  pulses;  3  -  receiver; 

4  -  envelope  detector;  5  -  amplifier,  filter;  6  —  phase 
detector;  7  -  Correcting  (stabilizing)  circuit;  8  - 
Power  amplifier;  5  -  elevation  motor;  10  -  elevation 
channel  ;  11  *  nntrana.;  12  —  reference  voltage  generator; 
13  -  FSM;  14  -  azimuth  channel;  15  -  phase  detector; 

16  -  power  amplifier;  17  -  comet ing  (stabilizing) 

•  circuit;  If!  -  rninuth  motor. 

When  the  target  is  found  at  the  axis  of  the  cone  (T^),  reflected 
signals  at  the  receiver  output  are  constant  in  amplitude,  and  when  the 
axis  is  shifted  relative  to  the  axis  of  the  paraboloid  (T^)  by  an  eagle  e, 
the  amplitudes  of  the  reflected  pulses  will  be  modulated  approximately 
sinusoidally  with  the  frequency  of  the  directional  pattern  rotation. 

For  the  target  to  appear  on  the  oquia Ignat  line,  the  axis  of  rotation 
must  be  tuned  in  the  horizontal  plane  through  an  angle  and  in  the 
vertical  plane  through  an  angle  C®.  The  phase  detectors,  using  reference 
voltages,  reduce  the  error  «•*  e  to  azimuth  and  elevation  components. 

TSn.  the  automatic  direction  tracking  system  should  include  two  servo  systems 
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-to  track  azlwtb  and  deration. 

Output  signals  from  the  receiver  pass  through  the  -envelope  detector, 
amplifier,  and  band  filter  with  central  frequency  0  equal  to  the  frequency 
of  rotation  of  the  directional  pattern.  The  filter  serves  to  separate  the 
first  harmonic  of  the  signal  arriving  from  the  detector.  Then  the  mismatch 
signal  is  applied  to  the  phase  detectors  of  the  azimuth  and  elevation  channels* 

The  reference  voltage  generator  is  connected  to  the  final  scan  do  tor 
(Pffl)  often  in  such  a  vay  that  two  rectangular  or* sinusoidal  voltages  are 
generated  at  its  output,  shifted  in  phase  by  Tt/2. 

Output  voltages  front  the  phase  detectors  are  applied  to  the  input  of 
the  servos  in  the  azimuth  and  elevation  channels.  Each  system  contains  a 
power  amplifier t  correcting  and  stabilizing  circuits,  and  actuators.  The 
latter  turn  the  antenna  through  md  elevation  so  that  the  axis  of 

the  paraboloid  is  directed  with  the  required  accuracy  at  the  target  T^. 

Systems  of  this  type  are  corrected  by  sequential  correcting  circuits 
or  by  flexible  feedback;  including  a  motor  and  a  power  amplifier. 

Selector  pulses  are  applied  to  the  special  receiver  channel  (self- 
tracking  channel),  so  that  only  the  signal  chosen  for  tracking  the  target 
will  be  separated  out  of  all  the  signals  reaching  the  receiver. 

The  basic  indicators  of  the  quality  of  an  automatic  direction  tracking 
system  are: 

accuracy  in  determining  angular  coordinates ; 

•  range  at  which  coordinates  are  determined  accurately. 

With  a  radiation  pattern  about  4#  wide  in  both  planes,  accuracy  in 
determining  angular  coordinates  varies  from  -4  to  8f  5  with  a  pattern  5* 
vide,  it  varies  from  6  to  14*. 

£be  range  at  which  coordinate*  are  determined  accurately  is  the  same 
as  far  the  ARS  systems. 

10.10.  Automatic  Range  Tracking  Systems  Using  &n  Electronic  Computer 

Radar  tracking  stations  with  electronic  computers  are  used  for  automatic 
tracking  of  a  large  number  of  targets. 

The  operating  principle  of  the  automatic  range  tracking  system  using 
a  computer  is  illustrated  in  the  block  diagram  shown  in  Fig.  10.21.  Two 
fundamental  problems  are  involved  in  the  process  of  tracking:  automatic 
measurement  ("plot")  of '  range  of  all  targets  during  the  scanning  period 
(primary  information  processing)  and  identification,  or  determining  which 
of  tbs  range  measurement*  belongs  to  the  trajectories  of  each  tracked  target 
(secondary  information  processing). 
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Habfle  of  the  target  R  is  determined  by  the  time  delay  t,  of  tbe 
reflected  pulse  relative  to  tbe  triggering  pulse  of  tbe  transmitter: 

8  -  ^  (10.10 


Mhere  c  «  is  the  proportion  velocity  of  electronugnetic  waves. 


Figure  10*21.  Block  diagrm  of  an  automatic  range-  tracking  system  with 
an  electronic  computer 

1  -  Triggering  pulses;  2  -  selector  pulse  generator; 

5  —  differentiating  loop;  4  —  discharge  pulses;  5  - 
transmitter;  6  -  counting  pulse  generator;  7  -  CG; 

8  —  range  register;  9  -  antenna;  ID  -  receiver;  11  - 
preselector;  12  -  read-out  pulse  generator;  13  —  read¬ 
out  circuit;  14  —  AND;  15  “  DLj  l6—  Conmutator  ;  17  “ 
measurement  distribution  circuit;  18  -  digital  computer 
memory;  19  “  comparing  unit;  2D  -  digital  computer;  21  - 
range  measurement ;  22  —  extrapolated  range  value  Hr ; 

23  -  secondary  information  processing;  2U  -  primary 
Information  processing. 

By  calculating  tbe  number  of  pulses  n  generated  by  the  counting  pulse 
generator  with  stable  frequency  F  during  time  t,  *  n*F  t  ,  target  range  nay 

*  p  t  p  i 

be  found  from 

*  -~n,  (10.17) 

P 

where  -  discreteness  of  the  range  read-out. 

P 

Counting  pulses  are  applied  to  the  range  register  through  the  coincidence 
gut*  CG.  Pulse  count  in  the  circuit  begins  with  tbe  arrival  of  a  triggering 
pulse  from  the  transmitter  and  continues  until  the  receiver  is  blocked  towards 
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the  end  of  the  sending  period.  The  coincidence  gate  is  opened  by  a  selector 
puUe  <duch  u  adiaitted  during  the  whole  time  the  receiver  is  open.  With 
the  end  of  the  selector  pulse,  the  range  register  discharges  due  to  a  pulse 
obtained  by  differentiating  the  trailing  edge  of  the  selector  pulse. 


Information  on  the  time  the  transmitter  is  triggered  is  also  given  in 


the  preselector,  where  the  useful  signal  is  separated  out  of  the  noise  back¬ 
ground.  From  the  preselector  output,  the  pulses  art  admitted  to  the  range 
rea later  through  a  distribution  circuit  for  readout  pulses,  thus  opening 
the  range  readout  circuit,  and  to  the  comae  tutor  which  controls  the  operation 
of  the  circuit  for  distributing  measurements  in  the  computer  memory  blocks. 

To  determine  the  pertinence  of  the  range  measurements  to  the  actual 
targets, zthe  computer  calculates  coordinates  extrapolated  (advanced)  one 
period.  The  extrapolation  process  generally  laads  to  a  solution  of  a  dif¬ 


ference  equation  of  the  fom 

K  "  “l^-l  *  “2^-1  *  —  *  “nCn  * 
+  P1<-1  +  +  —  + 


(10.18) 


where  or.  and  B  .  -  coefficients  of  the  "weight"  with  which  the  measured  and 

11  _m  « 

extrapolated  values  of  the  coordinates,  KJ  and  R^  respectively,  are  computed 

in  the  preceding  periods. 

The  separate  channels  of  the  secondary  information  processing  system, 
which  provide  naming  coordinates  of  the  target,  may  be  schematically  repre  ■ 
seated  as  closed  digital '  automatic  systems. 

Figure  10.21  shows  one  channel  of  the  secondary  information  processing 
system,  which  functions  in  the  following  manner. 

After  extrapolation  has  been  done  in  the  digital  calculating  device  of 
the  channel,  the  value  is  compared  with  the  measured  range  value  r£  of 
aal  targets  which  are  recorded  in  the  computer  memory  in  the  kth  period  of 
the  inforisation  seqrpnce. 


If  the  comparison  unit  finds  the  inequality 


(10.1P) 


>  AR_^  -  possible  extrapolation  (gate)  error,  then  the  measurement  is 
considered  to  be  attached  to  the  given  target  and  the  approximate  value 
is  substituted  for  the  precise  after  extrapol  ating  on  the  following 
period  of  the  sequence. 

If  the  inequality  is  not  fulfilled  for  all  targets,  the  target  is 
considered  to  be  new,  and  its  data  are  brought  to  a  new  section  of  the 


In  the  full  circuit  of  the  secondary  information  processing  unit,  the 
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In  tlie  full  circuit  of  the  secondary  lafarution  processing  unit,  the 
target  ia  identified  in  all  three  coordinates  on  the  basis  of  the  region  of 
possible  (probe!  le)  target  position.  In  the  identification  process,  the 
absolute  difference  between  extrapolated  and  neaanred  values  of  coordinates 
is  cegired  not  only  in  the  icth  period,  bnt  also  during  several  preceding 
periods. 


10.11.  Iiitisitic  Hisath  Measuring  Syat.cn  Paing  a  Cceputar 

The  operating  principle  of  an  antonatic  aandb  neasuring  systen  for 
radar  station  displays  using  a  counter  is  illustrated  in  the  block  rliigm 
shosn  in  Pig.  10.21, 

A  series  of  circuit  clenents  (receiver,  preselector,  selector  pulse 
generator,  counting  poise  generator)  is  essn  to  the  mge  sd  atisnth 
neasuring  systen,  and  the  aciwth  register,  jeasnrnsent  distribution  circuit, 
and  oonsutator  are  analogous  in  their  operating  principle  to  the  diimiti  of 
the  range  ■nmrissit  circuit. 


Figure  10.22.  Block  diagran  of  an  sutematir  aziauth  neasuring  systns 
using  a  digital  conputer. 
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1  -  triggering  puis?;  2  -  ring?  selector  pulse  generator; 

3  *  range  disrharye;  4  —  range  read-out  pulse;  5  ~  Counting 
pulse;  £  -  to  automatic  range  measuring  circuit;  7  - 
tranassitter;  8  -  counting  pulse  generator;  9  ~  CG;  10  - 
CG;  11  -  antenna;  12  -  receiver;  13  ”  preselr-ctor ;  l4  — 
packet  boundary  firing  circuit;  15  OK;  16  ~  azimuth 
register;  17  -  azimuth  triggerii.j  pulses  (discharge); 

18  -  AND;  19  "  antenna  drive;  SC  -  antenna  angular  posi¬ 
tion  ;  21  -  Dtl ;  22  -  DL2;  2?  -  storing  register;  24  - 
primary  information  processing;  25  -  comntntor;  24  - 
measurement  distribution  circuit;  Z?  -  to  digital  computer 
memory  unit* 

With  a  round  looking  radar!  a  packet  of  reflected  signals  arrives  from 
each  target.  Azimuth  measurement  requires  that  the  location  of  the  center  of 
the  packet  of  signals  reflected  from  each  target  be  fotaid.  Hi  is  is  accomplished 
by  using  a  boundary  forming  circuit  for  the  pocket  with  subsequent  calculation 
of  the  arithmetic  mean  of  the  time  delay  of  the  pal  sea  in  the  pocket  boundaries 
in  relation  to  the  moment  they  cress  the  antenna  axis  in  the  primary  direction. 

The  calculated  time  interval  is  then  converted  to  digital  code. 

To  convert  to  digital  code,  the  counting  pulses  produced  by  the  generator 
are  fed  to  the  avimrth  register.  The  register  is  a  digital  counter  of  the 
time  elapsed  from  the  moment  the  signals  passed  the  primary  direction  antenna. 

At  that  moment,  azimuth  triggering  pzalsea  ore  produced  which  discharge  the 
■zianfh  register. 

When  a  pulse  at  the  beginning  of  the  packet  arrives  at  the  data  distri¬ 
bution  circuit,  the  storage  register  begins  to  take  in  infarnati on  in  binary 
coda  through  the  upper  stages  of  the  AND  gates. 

When  a  pulse  at  the  end  of  the  packet  crosses  the  antenna  axis,  read¬ 
out  from  the  azimuth  register  is  again  passed  into  the  storage  register. 

The  sum  obtained  is  proportional  to  the  azimuth  of  the  ter  get . 

The  pulse  from  the  end  of  the  packet  is  passed  through  a  short  delay 
line  DU  into  the  lanrer  stages  of  the  AND  gates,  passing  azimuth  information 
through  the  measurement  distribution  circuit  into  the  corresponding  computer 
memory  unit-  After  furtbmr  delay  in  DL2,  this  same  pulse  is  used  to  dis¬ 
charge  the  storage  register  and  to  switch  the  commutator  into  the  position 
required  .to  pass  azimuth  information  on  the  following  target  into  the 
Computer  memory. 

Hie  problem  of  determining  pertzn  nee  of  the  measured  aziimith  to  the 
specific  target  (identification  problem)  is  also  accospl imbed  by  the  secondary 
processing  system,  analogous  to  the  automatic  range  tracking  system  using  a 
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10.12.  Automat ic  Frequency  Control  Systems 

Automatic  frequency  'control  in  required  to  bold  the  interned  late 
frequency  of  a  receiver  constant  during  variations  in  frequency  of  the 
transmitter  and  heterodyne  under. the  effect  of  randon  factors  (change  in 
temperature,  load,  etc.)  or  during  frequency  retuning. 

AFC  circuits  are  automatic  control  systems  (ACS).  They  vary  considerably 
in  their  structure  and  design;  however,  a  common  block  diagram  of  an  often- 
uaed  AFC  circuit  takes  the  fora  shown  in  Fig.  10.23. 


Figure  10.23.  Block  diagram  of  an  automatic  frequency  control 

1  -  Measuring  device;  2  -  nix  or;  3  -  IF  A;  4  -  divider 
(discriminator) ;  5  -  regulator  (controller);  6  -  tuned 
object. 

The  intermediate  frequency  (such  as  f .«f„-f„)  may  be  held  constant  by 

X  XI  A 

adjusting  the  transmitter  frequency  f^  or  the  heterodyne  frequency  f^.  If 
tG  is  adjusted,  the  tuned  object  in  the  circuit  (Fig.  10.23)  will  be  the 
heterodyne,  and  the  respective  input  and  output  signals  of  the  system  will 
be  f i  .f f^sfjj.  If  fT  is  varied,  the  tuned  object  will  be  the  transmitter, 
and  the  signals  will  be  f^afjj,  f2"f^,. 

To  measure  drift  of  the  intermediate'  frequency  from  the  given  value, 
the  AFC  circuit  has  a  measuring  device,  usually  including  a  mixer,  inter¬ 
mediate  frequency  amplifier  IF A  and 'divider  (discriminator).  See  Chapt.  VX1X 
for  operating  principles  of  the  circuit  and  characteristics  of  the  measuring 
circuit  elements  (mixer,  XFA,  discriminator). 

Frequency  and  phase  AFC  systems  are  possible.  In  frequency  self -tuning 
systems,  the  measuring  circuit  reacts  directly  to  the  running  value  of  the 
frequency  difference,  while  in  phase  systems,  it  reacts  to  the  phase  shift, 
that  is,  to  the  difference  in  phase  between  reference  and  stabilizing 
oscillations. 

In  frequency  systems,  a  frequency  discriminator  is  used  as  discriminator. 
In  phase  systems,  a  phase  discriminator  and  reference  frequency  generator  are 
used  in  place  of  the  frequency  discriminator.  Otherwise,  a  phase  adjustment 
system  is  the  same  as  a  frequency  adjustment  system,  and  therefore,  we  shall 
consider  the  operation  of  AFC  systems  using  frequency  systems  as  an  example. 

Heterodyne  and  transmitter  voltages  enter  the  mixer,  which  produces  a 
new  voltage,  whose  frequency,  called  the  running  intermediate  frequency,  is 
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equal  to  the  difference  of  frequencies  t  and  f  .  This  voltage  enters  the 
IF  A  *nd  alter  amplification  is  led  to  the  frequency  discriminator.  The 
frequency  discriminator  compares  the  running  intermediate  frequency  with 
the  nominal  intermediate  frequency,  and  produces  a  mismatch  voltage «  vith 
value  and  polarity  depending  on  the  value  and  sign  of  the  intermediate 
frequency  shift  (frequency  mismatch).  All  elements  located  between  the 
discriminator  and  tuned  object  are  usually  called  regulating  or  controlling 
units. 

The  regulating  element  amplifies  and  converts  the  mismatch  voltage  into 
a  controlling  voltage  whose  value  and  form  are  appropriate  for  the  tuned 
element.  Under  the  effect  of  the  controlling  voltage,  the  bet-.odyne  (or 
transmitter)  frequency  changes  so  that  the  difference  fu-f  (or  f  -f_)  is 
approxi  irately  equal  to  the  nominal  intermediate  frequency. 

In  many  cases,  the  regulating  device  determines  the  type  and  behavior 
of  the  vhole  AFC  ay  stem. 

Ucpeidina  on  the  type  of  regui-ting  device,  AFC  circuits  are  classed 
as  electronic,  electramechcnical,  and  thermal. 

In  electronic  circuits,  all  plemo-t,  of  the  regulating  unit  are  elec¬ 
tronic  devices.  Host  frequently,  dc  amplifiers,  xuvratron  and  phantastron 
circuits  are  used. 

Electromechanical  circuits  use  lov-pover  electric  motors  or  relays  as 
actuator  element  to  change  the  heterodyne  or  transmitter  frequency  mechanically. 

Thermal  AFC  circuits  vary  the  frequency  of  special  klystrons  by  varying 
temperature. 

Regulating  units  of  the  majority  of  present-day  AFC  systems  are  fitted 
with  an  automatic  search  circuit  which  is  triggered  when  the  frequency 
difference  increases  to  limits  exceeding  the  attenuation  band  and  ceases  to 
search  when  the  frequency  difference  is  reduced  to  a  value  lower  than  the 
set  band.  Thus  the  AFC  system  operates  in  two  modes:  search  and  tuned 
(tracking).  In  the  search  mode,  the  circuit  generates  oscillations  of  a 
special  form,  which  cause  the  klystron  frequency  to  vary  periodically  within 
wide  limits,  carrying  out  "search"  for  the  transmitter  frequency. 

In  the  tuned  mode,  the  search  generator  ia  eliminated  from  the  control 
circuit  or  operates  as  an  inertial  amplifier  with  a  large  time  constant, 
and  the  system  returns  to  the  tracking  mode. 

To  stabilize  the  system  and  improve  its  characteristics,  additional 
elements  may  be  introduced  into  the  regulating  unit  as  integrodifferentiau 
elements,  fixing,  and  smoothing  circuits  (filters),  supplementary  feedback 
loops. 
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Electronic  AFC  systems  usually  have  good  regulation  without  using  Any 
kind  of  special  correction  methods*  Supplement  ary  feedback:  loops  vith 
tachometer  generators  are  often  used  in  electromechanical  circuits. 

The  fundamental  quality  indicators  of  an  AFC  circuit  are  the  following: 
tuning  accuracy;  the  value  of  residual  error  in  the  aster  range  is 
usually  equal  to  25-100  kHz,  and  in  the  centimeter  range,  200*300  kHz; 

search  range  (band  of  heterodyne  electronic  tuning)  usually  comprises 
0 •5*1*0%  of  the  Carrier  frequency. 


10*13*  Automatic  Gain  Control  Systems 

Automatic  gain  control  systems  are  designed  to  maintain  the  output 
voltage  of  a  radio  receiver  constant  during  considerable  changes  in  the 
amplitude  of  the  input  signal*  These  systems  are  classified  as  ordinary 
automatic  gain  control  systems  (AGO)  and  special  systems*  Instantaneous 
automatic  gain  control  (IAGC)  systems  and  automatic  time  gain  control  (ATGC) 
systems  belong  to  the  special  systems*. 

Ordinary  AGC  systems  are  divided  into  systems  without  feedback  (AGC 
"forward")  and  systems  vith  feedback  (AGC  "backward")  * 

Block  diagrams  of  these  two  classes  of  AGC  are  shown  in  Fig.  10*24. 
Complex  systems  of  "forward"  and  "backward"  control,  multi-branch  systems, 
and  others  are  all  possible* 


CohtfeTIed 


Figure  10*24*  Block  diagram  of  AGC  "forward"  (a)  and  AGC  "backward"  (b) 

The  basic  elements  in  all  these  systems  are  the  AGC  detector  and  the 
controlled  amplifier  tube* 

Amplifiers  in  the  AGC  circuits  improve  the  stabilizing  characteristics 
of  the  system*  If  amplification  is  ic,  the  AGC  amplifier  precedes  the 
detector;  if  amplification  is  dc,  it  is  located  behind  the  detector* 
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The  filter  serves  to  filter  out  high  and  low  frequency  components  which 
m»y  exist  in  the  voltage  rectified  by  the  detector. 

A  delay  voltage  Ej(  which  determines  the  triggering  threshold  of  the 
a 

AGC,  is  introduced  into  one  of  the  AGC  stages*  In  the  delay1  circuit,  receiver 
amplification  remains  unchanged  until  input  voltage  reaches  a  determined  level. 

The  operating  principle  of  an  AGC  circuit  depends  on  establishing  a 
feedback  effect  from  the  detector  output  to  the  controlled  amplifier  stages 
in  the  intermediate,  high,  and  sometimes  low  frequency  circuits* 

In  AGC  "forward"  circuits  (Fig*  10.24,  a)  the  signal  from  the  detector 
output  passes  through  the  filter  and  enters  the  following  (forward)  amplifier 
stages  as  a  negative  bios* 

For  example,  in  changing  (amplifying)  a  signal,  negative  bias  increases 
and  gain  of  the  regulated  stages  drops.  The  gain  can  be  made  to  vary  in 
such  a  way  that  the  output  signal  remains  approximately  constant  during 
extensive  variations  in  the  input  signal. 

An  AGC  "forward"  system  operates  in  an  open  cycle.  It  has  limited  use, 
since,  with  no  feedback,  any  changes  in  the  conditions  of  gain  in  the  stages 
behind  the  detector  of  the  primary  channel  will  not  be  compensated  by  the 
system* 

An  AGC  "backward"  syatan  has  feedback  (Fig.  10*24,  b) ,  and  therefore, 
it  is  an  automatic  control  system,  whose  regulating  action  is  determined  by 
the  deviation  of  the  output  voltage  from  a  given  level. 

The  output  signal  from  the  receiver  IF  A  stages  arrives  at  the  AGC 
amplitude  detector,  and  then  after  filtration  and  amplification  is  led  to 
the  preceding  (backward)  regulated  IF  A  stages.  Gain  is  most  often  changed 
by  applying  negative  bias  to  the  control  grids  of  the  regulating  stages, 
although  it  is  also  possible  to  apply  the  controlling  signal  to  other  grids. 

When  the  amplitude  of  a  reflected  signal  at  the  receiver  input  increases, 
the  rectified  voltage  at  the  AGC  detector  output  increases.  This  voltage 
increases  negative  bias  on  the  grids  of  the  controlling  tubes,  decreasing 
gain  to  the  point  that  voltage  at  the  receiver  output  remains  almost  constant. 

An  instantaneous  AGC  circuit  differs  from  an  AGC  circuit  primarily  in 
that  the  IAGC  circuit  has  a  smaller  time  constant.  Consequently,  its  regu¬ 
lating  voltage  remains  practically  constant  during  rapid  variations  in  the 
useful  signal,  and  an  additional  negative  bias  is  produced  on  the  grid  of 
the  amplifier  tube  as  a. consequence  of  detecting  persistent  interference 
voltage.  Thus,  the  instantaneous  automatic  gain  control  circuit  holds  the 
gain  of  useful  signals  constant  and  decreases  the  receiver  gain  for 
interference  • 
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The  block  diagram  of  an  IAGC  is  shown  in  Fig.  10.25-  The  circuit  includes 
an  I  AGO  detector  and  an  IAGC  amplifier.  The  amplifier  is  usually  a  cathode 
follower  with  positive  feedback,  used  to  stabilize  operation.  To  eliminate 
extra  hies  at  low  interference  voltages,  the  circuit  operation  is  often 
delayed  by  supplying  delay  voltage  E  .  The  principal  circuit  elements 

U 

(detflCtor,  wplifier)  are  described  in  Chapt.  XI* 


Figure  10*25*  Block  diagram  of  an  instantaneous  automatic  gain  control* 

An  automatic  time  gain  control  circuit  (ATGC)  eliminates  receiver  over¬ 
load  when  it  is  subject  to  powerful  pulses  from  the  generator,  transient 
interfensice,  and  also  powerful  reflected  signals  from  objects  located  dose 
to  the  radar  station*  The  ATGC  blocks  the  receiver  during  transmission  of 
pulses  from  the  generator  and  unblocks  it  when  gain  is  decreased  within 
several  microseconds  after  each  pulse  is  ended. 

An  ATGC  circuit  differs  in  complexity  and  the  arrangements  of  its  ele¬ 
ments,  and  it  operates  in  an  open  cycle  (Fig*  10*26). 


1 


Figure  10*26*  Simplified  block  diagram  of  an  automatic  time  gain  control 

1  -  Transmitter  triggering  pulses;  2  -  regulating  circuit; 

3  -  controlled  IFA  stages* 

Vhcn  a  transmitter  triggering  pulse  acts  on  the  ATGC  regulating  circuit, 
a  large  negative  bias  voltage  appears  on  the  grid  of  the  IFA  regulating  tubes, 
causing  a  sharp  decrease  in  the  gain  of  the  IFA  stages,  whereupon  normal 
reception  of  comparatively  strong  pulses  becomes  possible*  Qmpter  XT  contains 
an  example  of  a  possible  ATGC  circuit*. 

The  quality  of  an  automatic  gain  control  system  is  appraised  by  the 
degree  of  decrease  (contraction)  of  the  dynamic  range  of  Voltage  chan  go 
V  .  at  the  receiver  output  in  relation  to  the  range  of  voltage  change  U. 

OUt  *'  IB 

at  tha  rocvivnr  input  (Fig.  10.27) • 
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Figure  10.  27.  Appraising  the  effectiveness  of  an  automatic  gain  control 
system. 

1_U.j2-U_  :  3  -  D.  *  .  j  4  —  U.  ;  5  -  U.  . 

out  *  out:  max 1  in  mm  in  max 9  in 

To  appraise  the  effectiveness  of  an  AGO  system  in  tie  ultimate  state, 
we  use  the  coefficient 


o  U 


(10.20) 


indicating  by  how  many  times  the  amplitude  of  the  receiver  output  voltage  is 

increased  if  the  amplitude  cf  the  input  voltage  increases  a  given  amount 

U. 

D.  .  1  —  (10.21) 

1  °i  min 

The  ratio  D^/D^,  called  the  contraction  coefficient,  indicates  how  many 
times  the  AG C  system  decreases  the  dynamic  range  of  voltage  change  at  the 
receiver  output  in  relation  ^ to  its  injmt. 

The  dynamic  range  of  change  in  the  input  signals  of  contemporary  radar 
receivers  may  be  on  the  order  of  80  to  100  dB.  Note  that,  for  the  final 
stages  and  the  output  units  to  operate  normally,  this  range  must  he  decreased 
to  4  to  10  dBm 


10*l4.  Optimum  and  Self-Tuning  Systems 

In  general,  optimum  control  is  taken  to  mean  control  which  provides  the 
beat  solution  to  the  problem  set  for  the  system  under  given  actual  conditions 
and  limitations;  for  example  to  achieve  maximum  speed,  highest  accuracy  in 
reproducing  the  useful  signal,  minimum  fuel  expenditure,  etc. 

The  latest  development  in  optirwaa  control  systems  is  the  self— tuning 

system* 

Self-tuning  control  systems  provide  the  required  amount  of  control 
(regulation)  during  changes  in  the  characteristics  of  an  external  effect  or 
the  properties  of  the  controlled  objects  and  the  regulator  elements.  A 
typical  block  diagram  or  a  self-tuning  system  is  shown  in  Fig.  10*23. 
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Figure  10.28.  Typical  block  diagram  of  a  self-tuning  systea 

1  -  logic  element:  2  -  device  for  estimating  external 
influence;  3  —  actuator;  4  —  self-tuning  loop;  5  “ 
device  for  estimating  the  process;  6  *  input;  7  -  regu¬ 
lator;  8  -  controlled  object;  9  “  output;  10  “  primary 

•/St«3e 

A  s^lf-tuning  system  has  tvo  essentially  differ en  suxy 

system  and  the  self-tuning  loop* 

Use  self- tuning  loop  say  include  several  elements  wit  ''rent  pv  *posea« 

A  device  for  estimating  the  process  serves  to  identify  the  dynamic  properties 
of  tho  object#  The  device  for  estimating  an  external  influence*  serves  to 
determine  the  features  of  the  external  influence#  The  logic  element  (calcu¬ 
lator)  produces  or  stores  the  criteria  for  estimating  the  completeness  of 
the  system#  The  actuator  is  meant  to  transfer  the  signal  (command)  from  the 
logic  element  to  the  regulator.  Under  the  effect  of  this  signal ,  the  para¬ 
meters  or  structure  (characteristic*  or  function  program)  of  the  primary 
system  vary  in  accordance-  math  varying  feature*  of  the  external  influences 
or  the  dynamic  properties  of  the  object  *  and  a  criterion  of  completeness  im 
accepted. 

Those  enumeration  el  meats  are  most  cocanon  which  nay  he  modified  in 
actual  systems  and  which  are  not  strictly  necessary. 
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Chapter-  XI 


Countermeasures  and  Protecting  Radar  Stations  Against  Interference 

Countermeasures  include  those  measures,  the  purpose  of  which  is  to 
interfere  with  the  operation  of  enemy  radar  stations,  or  to  reduce  the 
enemy's  effect  iren  ess  % 

These  measures  include  the  following: 

searching  for  the  enemy's  radar  equipment; 
creating  interference  with  radar  stations; 
radar-proof  camouflage; 

destruction  of  the  enemy's  radar  equipment. 

11.1.  Radio  Search  for  Radar  Equipment 

The  most  effective  type  of  search  by  radar  is  search  made  using  special 
radio  search  equipment. 

Radio  search  for  a  radar  system  involves  the  detection  and  interception 
of  radio  signals,  direction  finding,  and  the  recording,  measuring,  and 
analyzing  of  radar  signal  parameters* 

As  reported  in  the  foreign  press,  the  basic  missions  assigned  when, 
searching  for  radar  stations  are  the  following: 

obtain  information  on  the  engineering  characteristics  of  the  radar  in 
order  to  set  19  effective  countermeasures; 

obtain  information  on  the  enemy's  radar  equipment; 

warning  crews  of  aircraft,  ships,  and  ground  stations  that  they  have 
been  illuminated  by  enemy  radar  stations; 

obtain  information  on  the  number,  types,  disposition,  and  tactics  in 
using  radar  stations  in  order  to  expose  the  actions  and  the  intentions  of 
the  enemy,  how  his  equipment  and  forces  are  disposed,  and  other  information 
needed  in  planning  and  conducting  combat  operations. 

A  typical  search  station  includes  a  detection  system,  a  direction 
finding  system,  a  signal  analysis  system,  and  a  variety  of  recording  devices 
(magnetic  tape  recorders,  photographic  attachments,  and  others). 

Search  stations  can  be  installed  on  the  ground  (transported,  carried) , 
aboard  aircraft  and  ships,  and  on  earth  satellites. 

11 .2.  Methods  Used  to  Detect  Radar  Operation 

Antennas  with  narrow  beams  are  usually  used  in  search  stations  in 
order  to  increase  the  search  range,  as  well  as  for  purposes  of  accurate 
direction  finding.  In  this  case  directional  search  is  made  in  order  to 
detect  radar  operations. 
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The  search  for  the  frequency  oo  -which  a  radar  is  operating  con  be  con¬ 
ducted  by  using  a  non -search  method,  one  involving  a  noa-retun&ble  Multi¬ 
channel  search  receiver,  or  by  tun  in  q  the  frequency  of  a  super-heterodyne 
receiver  over  a  specified  frequency  racist.  This  is  the  difference  between 
search  and  non-search  detection  methods. 

Search  methods  can  utilize; 

directional  scanning  only) 
frequency  scanning  only* 

It  is  not  the  practice  to  use  frequency  and  directional  scanning  simul¬ 
taneously  because  the  possibility  of  missing  some  of  the  incoming  signals 
increases. 

Directional  scanning  is  that  process  of  (asking  a  successive  inspection 
of  space  by  the  major  lobe  of  the  beam  from  the  antenna  of  the  search  station, 
carried  out  in  order  to  detect  radar  operation  and  establish  the  bearing. 

Frequency  scanning  is  that  process  of  successive  retuning  of  the  receiver 
within  the  limits  of  a  specified  frequency  hand,  carried  out  in  order  to 
detect  the  operation  of  a  radar  and  to  establish  its  carrier  frequency. 


Directional  Scanning 

It  is  usual  in  search  stations  to  select  the  v*  -  beam  in  the 

-vertical  plane  such  that  scanning  will  not  take  place  rxl  in 

this  way  scanning  occurs  only  in  the  azimuth  plane. 

Let  us  conduct  a  search  for  a  radar  operating  in  the  circular  directional 
scan  mode  {fig.  11. l).  ^  is  the  effective  beam  width  for  the  radar,  <p^ 

is  the  effective  beam  width  for  the  search  station.  The  dimensions  of  the 
and  sectors  are  established  by  conditions  for  normal  signal  reception. 
The  sector  usually  coincides  with  the  width  of  the  major  lobe  in  the 
search  station  antenna  pattern.  Die  sector  can  coincide  with,  or  be  such 
broader  than,  the  major  lobe  in  the  radar  antenna  pattern  because  of  eids 


Figure  11.1.  Incidence  conditions  for  rotating  patterns. 


Radar  sigiala  can  be  detected  only  when  and  arc  incident. 

Incident  is  understood  to  mean  the  case  when  both  sectors  intersect  the 
line  00*  for  a  period  of  time  sufficient  to  provide  normal  signal  indication. 
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Directional  *c  arming  van  Or  uuurt4,  or  probable.  Assured  scanning 
provides  reliable  incidence  of  tbe  rotating  arc  tor  a  after  some  finite  tine 
interval.  In  tbe  case  of  probable  scanning  one  can  Coir  refer  to  tbe  Mag¬ 
nitude  of  tbe  probability  of  incidence  of  tbe  rotating  sectors  after  a  fixed 
time  interval. 

Assured  scanning.  Three  are  tw  types  of  assured  scanning:  ales'  and 

fast. 


In  tbe  Case  of  slow  scanning  tbe  antenna  of  tbe  search  station  rotates 
more  slowly  than  does  tbe  target  radar  antenna  and  completes  a  rotation  of 
angle  <7^  after  soar  tine  interval  that  is  longer  than,  or  equal  to,  the 
tine  required  for  one  revolution  of  the  radar  antenna.  At  tbe  sene  tine, 
after  one  revolution  of  the  search  station ’a  antenna  there  is  reliable 
incidence  of  the  rotating  sectors,  sp^  and  9^,  This  condition  can  be 
expressed  asthmatically  in  the  fora 

cu-i) 

where 

Tj^  is  tbe  period  of  -rotation  for  the  search  station  antenna; 

T^  ic  the  period  of  rotation  for  the  antenna  Of  the  target  radar. 


There  is  a  second  condition,  to  be  satisfied  if  radar  operation  ia  to  be 
detected;  the  incidence  tine,  t^,  for  the  rotating  sectors  must  be  at  least 
that  of  the  tine,  t  .^»  required  for  nnrnal  ‘functioning  of  the  indicator  in 
the  aearch  station,  that  is 


t.  ?  t. _ 
x  u>d 


(11.2) 


When  reception  ia  of  pulse  signals  the  nunber  of  pulses  supplied  froa 
the  target  radar  during  the  incidence  tine  should  be  st  least  the  crusher 
required  for  a  normal  indication. 

A  shortcoming  of  alow  .scanning  is  tbe  long  scanning  tine  required,  fixed 
by  the  tine  it  takes  for  tbe  search  station's  antenna  to  cuke  one  revolution. 
Ibis  time  becomes  longer  tbe  slower  tbe  target  radar  antenna  rotation  rate. 
Slow  scanning  can  be  used  when  a  search  is  being  Bade  for  e  radar  with  a 
long  operating  period,  as  well  as  whan  detection  is  of  a  radar  with  rapidly 
rotating  antennas. 

In  tbe  case  of  fast  scanning  the  search  station  antenna  rotates  faster 
than  does  the  target  radar  antenna  and  completes  one  full  revolution  in  a 
period  of  time  not  in  excess  of  tbe  time  required  for  the  target  radar 
antenna  to  rotate  through  the  sector  <fy,  that  is 

T*s  <4rrA-  <11-3  ) 


Gina  this  condition,  there  will  be  reliable  incidence  of  the  rotating 
■ectuTl  <PA  eni  9^  after  one  resolution  of  the  tax-get  radar  animi.. 
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Th<  second  condition,  t.  >  t.  ,,  mat  also  be  satisfied  in  order  to 
i  ina 

detect  radar  operation  during  rapid  scanning*  The  advantage  of  rapid  scanning 
is  th*  shore  scan  tine,  fixed  by  the  tine  it  takes  the  target  radar  antaona 
to  i«ke  one  revolution. 

The  shortcomings  of  rapid  scanning  include: 

a  requirement  for  high  antenna  rotation  ratea  for  the  search  station 
and  the  engineering  difficulties  involved  in  meeting  the  requirement; 

a  requirement  for  a  sufficiently  broad  beam  from  the  m^mreh.  station, 
reducing  the  radio  search  range. 

Rapid  scanning  can  be  used  when  searching  for  a  radar  with  slowly  rotating 
antennas. 

Probable  scanning.  Medium-speed  scan,  or  probable;  scanning,  is  sometimes 
used  to  reduce  the  detection  time  as  compared  with  slow  scanning,  as  veil 
as  to  reduce  the  search  station  antenna  rotation  rate  as  compared  with  rapid 


If  scanning  at  average  speed  with  the  search  station  antenna  results  in 


a  slower  rotation  rate  far  the  antenna  than  is  the  case  for  the  target  radar 
antenna,  the  probability,  of  incidence  of  the  rotating  sectors  of  the  beams 
during  one  search  station  antenna  revolution  can  be  found  through  the  formula 


„  _  ’AS1" AS 

*—nsvT’ 


(11.4) 


The  probability  of  detecting  target  radar  operation  in  n  revolutions  is 


(11.5) 


But  if,  during  probable  scanning,  the  search  station  antenna  rotates 
faster  than  does  the  target  radar  antenna,  the  probability  of  incidence  of 
the  rotating  sectors  of  the  beams  during  one  target  radar  antenna  revolution 
can  be  found  through  the  expression 

S  (ll*6) 

Frequency  Scanning 

Returnable  superheterodyne  search  receivers  are  usually  used  in  precision 
search  stations*  Their  principal  advantage  is  a  high  degree  of  sensitivity 
and  fine  frequency  resolution,  determined  by  the  receiver  IP  amplifier  band 
width. 

-9  -i; 

The  sensitivity  of  superheterodyne  search  receivers  is  usually  10  -10 

watt* 

The  error  in  establishing  the  frequency  when  a  superheterodyne  receiver 
is  used  is  usually  taken  to  be  equal  to  half  the  I?  amplifier  pass  band* 
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Sup«rtfterod;w  March  receivers  for  use  in  the  frequency  range  up  to 
1000  MHz  have  a  pane  band  of  about  4  KBz,  in  the  frequency  range  up  to  3000 
MHz  about  10  MHz,  and  for  the  higher  frequency  20  MHz  and  Mare* 

The  tuning  band  of  the  search  receiver  can  cover  thousands  of  stsgahertz 
and  so  is  divided  up  into  subbands*  Retuning  is  done  in  the  subband  selected* 

Frequency  scanning,  like  directional  scanning,  can  be  assured,  or  probable* 
Slow,  or  fast,  frequency  search  can  be  used  for  assured  detection  of  radar 
operation  * 

Slow  frequency  scanning-  Let  us  carry  out  the  procedure  involved  in 
detecting  signals  from  a  radar  operating  in  the  pulse  node  on  frequency  f^* 

The  antenna  of  the  search  station  is  ained  at  the  radar*  Scanning  is  in 
frequency  only*  Retuning  of  the  search  receiver  is  in  accordance  with  a 
ay— iitrl "  al.  sawtooth  law  (fig*  11*2)  in  the  band  is  the  retiming 

period,  AF  is  the  search  receiver  hand  width. 


Slow  frequency  scanning  is  characterized  by  the  fact  that  the  search 
receiver  is  retimed  over  the  entire  search  band  twice  in  a  period  of  tine 
shorter,  or  equal  to,  the  illimi  nation  tine,  t^^.  In  this  case  the  retiming 
rate  V^*  should  satisfy  the  condition 

t>-?~ Ul-7) 

At  the  sane  tine,  the  retiming  rate  should  be  such  that  during  the  tine 
required  to  retune  over  the  band  width  the  search  receiver  can  take  at  least 
N  poises  required  for  the  norati  operation  of  the  indicators 

j,  '  (11.8) 

Detection  of  radnr  operation  is  ainditocy  if  ttew  two  conditions  ir« 
during  on  retuning  period,  T^__ 

A  shortcmlng  of  slow  frequency  Beaming  is  that  the  search  hand  Dost 
he  tdm  quite  narrow  in  order  to  satisfy  hath  of  the  conditions  stipulated 
at  {11 .7)  and  (11.8). 
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Fart  frequency  scanning*  Detection  of  radar  operation  should  occur 
vita  one  pulse  when  retiming  for  the  carrier  frequency  of  the  radar  fro* 
pulse  to  pulse*  This  is  when  fast  frequency  scanning  is  used*  But  if  the 
search  receiver  is  retuned  in  accordance  with  a  symmetrical  sawtooth  law, 
and  fast  scanning  in  used,  the  tine  for  double  rctuning  of  the  receiver  over 
the  entire  search  band  must  be  shorter  than  the  pulse  duration  T  ,  for  the 
target  radar;  that  is,  the  retiming  rate  oust  satisfy  the  condition 


(11*9) 


Now  reliable  detection  of  radar  operation  will  occur  after  each  pulse* 
However,  the  search  receiver  retuning  rate  is  limited  by  the  time  required 
for  the  oscillations  in  the  receiver  to  rise  to  a  sufficient  magnitude. 
Consequently,  the  permissible  retuning  rate  is  fixed  by  the  receiver  pans 


band 

T><"r 


(11.10) 


Shortcoming  of  fast  scanning  include  «  requirement  for  a  vide  band 
search  receiver  in  order  to  scan  a  broad  band,  and  this  reduces  receiver 
sensitivity,  as  well  as  the  accuracy  with  which  the  frequency  is  established. 

If  the  fast  and  slow  frequency  scanning  conditions  cannot  be  satisfied, 
detection  of  radar  operation  will  occur  after  a  finite  time  interval  with 
some  degree  of  probability* 


11-3-  Mon -Sc aiming  Methods  of  Searching  for  the  Cpersting  Frequency 

Non-scanning  methods  of  searching  for  the  operating  frequency  are  used 
when  short  search  tine  is  a  requirement* 

The  bandpass  filter  method  is  used  in  coarse  search  stations*  Each 
such  filter  has  a  fixed  pass  band,  providing  coarse  determination  of  the 
incoming  signal  frequency-  The  error  is  half  the  filter  pass  band.  A 
separate  antenna,  and  a  separate  amplifier  channel  can  be  used  for  each 
bandpass  filter  to  eliminate  the  mutual  effect  of  the  filters  and  provide 
separate  indications  for  the  signals  passing  through  the  different  filters* 
Figure  11*3  is  the  block  schematic  of  a  search  system  using  straight  ampli¬ 
fication  and  providing  simultaneous  reception  .in  the  1  to  10  ca  band. 

The  high  frequency  devices  in  the  receivers  (antenna,  waveguides, 
filters,  detectors)  are  designed  to  hare  the  limit  frequencies  Of  adjacent 
subbands  overlap  somewhat  (fig.  11.4a)*  Absence  of  these  overlapping  zones 
results  in  attenuation,  or  even  total  loss  of  reception  where  the  subbands 
meet  (fig*  11 .4b) .  However,  these  overlapping  zones  should  be  kept  to  a 
■ini, mts,  because  broadly  overlapping  zones  can  dictate  the  need  for  an 
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Figure  11*3-  MtUticnannei  direct  «spl  if icstioc.  search  receiver. 

A  -  -wave  length  in  cm;  B  -  limits  of  frequency  subbands; 
C  -  antenna;  D  -  bandpass  filter  and  detector;  S  -  video 
amplifier;  F  -  indicator. 
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Figure  11.4.  Use  of  overlapping  zone*  to  el lain Ate  culls  where  adjacent 
subbands  meet. 


increase  in  the  number  of  subbands,  increasing  the  bulk  of  the  equipment 
accordingly.  Moreover,  reception  ambiguity  will  occur  in  an  orerlapping 
zone  because  signal  recaption  will  be  noted  simultaneously  on  adjaewt 
channel  indicators. 


11.4.  Radio  Search  Range 

The  range  of  search  equipment  is  understood  to  mean  the  im.-rin.im  distance 
at  which  the  source  of  radiation  can  be  detected  when  in  operation. 

Radio  search  range  in  free  apace  can  be  found  through  the  formula 
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is  the  power  radiated  by  the  target  radar; 
g  is  the  antenna  gain  factor  for  the  radar  in  the  drection  toward 
the  eearch  station; 

is  the  antenna  gain  factor  for  the  search  station; 

Y  is  a  coefficient  talcing  into  consideration  the  non-coincidence  of 
polarization  of  search  and  target  station  antennas  (taken  as  equal 
to  0.5  in  calculations); 

1)  is  the  signal  power  propagation  factor  between  the  antenna  and  the 
input  to  the  receiver  in  the  search  station  (taken  as  equal  to  0.5 
in  calculations) 5 

bin  is  the  cutoff  sensitivity  of  the  receiver  in  the  search  station, 
fixed  by  the  power  of  <sca  noise,  equated  to  the  input; 
v  is  the  coefficient  of  excess  of  signal  over  noise  level  in  the 
receiver  needed  for  dependable  operation  of  the  analyzing  and 
display  equipment  used  with  the  search  station* 

This  fornula  does  not  consider  attenuation  in  the  propagation  of  radio- 
wares  in  the  atmosphere,  something  that  weighs  particularly  heavily  in  the 
Millimeter  and  shortwave  portions  of  the  centimeter  bands* 


When  attenuation  is  considered  the  range  can  De  found  through  the  formula 
_ _ _  -dR 720 

ft  _  //  In  _ '  *  A. -ft*  « _  .  *  f  1 


Rr  ’  *MjP,ad®  8.YT/vP’ 


(11.12) 


Of  is  the  coefficient  of  Absorption  of  electromagnetic  on  orgy  per  kilo¬ 
meter  of  path  In  the  etna  sphere ,  expressed  in  db/laa  (its  value  is 
token  from  special  tables  or  graphics)  . 

In  the  ailliaeter,  centimeter,  and  decimeter  bands,  in  which  the  dif¬ 
fraction  phenomenon  is  very  weak,  the  naximaa  radio  search  range  is  limited 
to  horizon  range. 

Horizon  range  can  be  found  through  the  following  formula  when  atmospheric 
refraction  is  normal 

B^Ckn)  -  4.1  (VhtC-l  (11.13) 

wbsre 

hg  ia  the  height  of  the  target  station  antenna  above  ground  level; 
h^  is  the  height  of  the  search  station  antenna  above  ground  level. 

As  has  bean  noted  in  the  press,  the  utilization  of  the  phenomenon  of 
long-range  tropospheric 'propagation  is  a  recent  innovation  in  the  field  of 
super- long- range  radio  search  in  tha  meter  end  centimeter  hands. 
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11.5.  Target  Radar  Parameters 

Modern  fine  search  stations  are  usually  equipped  with  analyzing  equip¬ 
ment  for  use  in  establishing  many  radar  parameter#,  such  as: 
carrier  frequency; 
type  of  modulation; 

pulse  width,  shape,  and  repetition  frequency; 

radiation  pattern  width  and  shape; 

search  character  and  sector; 

antenna  rotation  rate; 

width  and’ structure  of  code  trains; 

signal  spectrum  structure; 

direct inn  to  source  of  radiation. 

The**  data  provide  a  sufficiently  firm  basis  for  deriving  the  type  and 
tactical  purposes  of  target  radars.  This  information  can  be  used  for  opera¬ 
tional  search  targets,  as  well  as  for  purposes  of  organizing  effective 
electronic  countermeasures. 

These  target  parameters  can  be  measured  directly,  at  the  time  of  search, 
by  analyzers,  as  well  as  recorded  on  special  recorders  using  tape,  photography, 
punched  tape,  or  punched  cards, 

11.6,  Radar  Jamming 

Any  radio  signals  arriving  at  a  receiver  input,  and  hampering  separation 
of  useful  signals,  can  jam  a  radar.  The  different  types  of  jamming  are 
listed,  in  brief,  in  Figure  11,5-  All  types  of  jamming  ecu  be  divided  into 
two  large  groupings: 

organized  (electronic) ; 
unorganized  (non- electronic) _ 

Unorganized  jamming  includes  mutual  radar  interference,  atmospheric  and 
man-made  interference,  reflections  from  local  objects  and  clouds,  interference 
of  cosmic  origin,  and  internal  noise  in  radio  receivers. 

Organized  jamming  is  produced  specifically  for  purposes  of  reducing  the 
effectiveness  of  radar  operation,  or  to  jam  the  radar  completely. 

Organized  jamming  can  oe  divided  into  active  jamming,  generated  by 
special  transmitters ,  and  passive  j awning,  the  result  of  the  reception  of 
electromagnetic  waves  reflected  from  a  variety  of  artificial  reflectors, 
depending  on  the  method  used  to  jam. 

The  manner  in  which  the  jamming  effects  radar  can  be  convent ionally 
•divided  into  two  types:  masking  and  simulative. 

Masking  jamming  can  be  generated  by  narrow-band  and  wide-band  transmitters 
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of  continuous  and  strobed  noise,  by  transmitters  of  pulse  noise,  false  targets 
(traps),  and  by  parasitic  dipole  reflectors. 

Simulative  (misinformation)  jamming  can  bo  generated  by  transmitters  of 
response  type  jamming  and  by  special  simulators.  In  addition,  range  tracking 
and  angle  tracking  can  be  broken  up,  and  false  targets  can  be  imitated. 
Misinformation  jamming  can  also  be  generated  by  corner  reflectors  and  false 
targets  (traps). 

Jaaming  can  be  barrage,  or  selective,  depending  on  the  width  of  tbe 
Spectrum  Of  radiated  frequency. 

Selective  jamming  has  a  apectnm  width  of  the  sasie  order  as  that  of  the 
pass  •'and  of  t-'*'  receiving  device  in  jammed  radar,  ibis  typo  of  jamming  is 
characterizes  by  a  comparatively  high  spectral  power  density.  Spectral 
power  density  is  the  ratio  of  full  transmitter  power  to  the  width  of  the 
frequency  spectrum  of  the  oscillations  generated  by  the  transmitter  and  is 
usually  expressed  in  watts  per  megahertz.  The  shortcoming  in  selective 
jamming  is  the  requirement  that  the  jamaing  transmitter  be  finely  tuned  to 
the  frequency  of  the  radar  being  josmed. 

Moreover,  when  selective  jmming  is  used  one  transmitter  css  only  jam 
one  radar  frequency  channel  at  any  given  aomut  in  time. 


A 


Figure  11.5.  '  Jaaming  classifications. 

A  -  radar  jamming;  B  -  organized  jamming;  C  -  unorganized 
jamming;  D  -  passive  jamaing;  E  -  active  jmming;  7  -  mutual 
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jamming  of  radars  and  various  radiating  equipment:  G  -  reflections 
from  local  objects  and  clouds;  H  -  window;  X  -  traps;  J  -  conti¬ 
nuous;  K  -  strobed;  L  -  pulsed;  K  —  various  types  of  reflectors; 

K  -  unmodulated;  O  -  amplitude-modulated;  P  —  frequency-modulated; 
Q  -  amplitude^ frequency  modulated;  R  -  continuous;  S-  pulsed;  T  - 
noo-synchronous ;  U  -  synchronous;  V.-  regular;  V  -  irregular;  X  - 
response^  T  -  non-response ;  z  -  aimulated  by  regular  signals; 

AA  —  simulated  by  noise;  BB  -  simple;  CC  -  multiplex. 

The  difficulties  involved  in  generating  selective  jamming  increase  greatly 

« 

when  there  are  a  great  many  radars  involved,  as  well  as  when  rapid  radar 
retuning  is  utilized. 

Barrage  jamming  is  generated  over  a  broad  band  of  frequencies  to  simul¬ 
taneously  jsm  several  radars  operating  on  different  frequencies.  Barrage 
jamming  requires  no  accurate  matching  of  jamming  transmitter  frequencies  and 
target  radar  frequencies.  The  shortcoming  of  barrage  jamming  is  that  high- 
powered  jammers  are  needed  to  generate  the  high  spectral  power  density. 

Selective  j  easing  with  frequency  switching  {sliding  jamming)  is  con¬ 
sidered  to  be  a  compromise  between  these  two  types  of  gauming.  In  thia 
method  the  transmitter  frequency  is  changed  very  rapidly  over  a  broad  band 
of  frequencies.  It  concentrates  a  high  power  denaity  from  the  jmsing 
transmitter  in  all  possible  radar  operating  channels  in  a  very  short  period 
of  tine.  Given  the  corresponding  selection  of  frequency  switching  speed, 
the  j  among  transmitter  can  attempt  to  prevent  the  radar  receiver  from 
successfully  restoring  full  sensitivity  in  ths  time  required  to  retune  the 
jamer  to  the  operating  band  of  frequencies  for  the  radar  after  the  effect 
of  power  jamming  has  been  used. 

11 .7.  Continuous  Unmodulated  Jamming 

Da  mathematical  expression  for  oscillations  with  fired  amplitude  and 
frequency  is  in  the  form 


U.  a  u  .  cos  m.t  ,  (11.14) 

3  mg  3 

'here 

U^.  and  “j  are  the  amplitude  and  carrier  frequency  of  the  joining , 
respectively. 

13m  useful  signal  during  the  tine  the  W  pulse  reflected  from  the  target 
acts  is 

"*  =  f/.ytos  (m^  +  g*). 

where 

end  <b^  ore  amplitude  and  carrier  frequency  of  the  reflected  KP 
pulse;  , 

Oj,  is  the-phss#  of  the  fill  frequency  for  the  km  EP  pulse. 


(11.15) 
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When  j  aiming  and  signal  act  on  the  receiver  at  the  sane  tiaft,  the 
resultant  voltage  at  the  IF  amplifier  output  has  an  amplitude  established 
through  the  expression 

(11.16) 


U 


U2  +  2U  .U  eoaCg^t  * 


mj  ma 


Kjp^  is  the  Bain  in  the  If  amplifier  stages; 

is  the  beat  frequency,  equal  to  the  difference  between  signal  and 
jamming  frequencies  (ct^  -  t»s  -  at). 

Hie  nature  of  the  effect  of  unmodulated  janaaing  on  .the  receiver  depends 


on  the  gaming  amplitude,  U  . ,  and  the  degree  of  detuning,  which  is  established 

mj 

by  the  beat  frequency  o^. 


The  Effect  of  Weak  Unmodulated  Jamming 

Unmodulated  jamming,  in  which  the  amplitude  of  V  although  greater 

sig 

than  the  signal  amplitude,  U  still  does  not  overload  the  receiver  stages, 

■8 

is  called  weak  unmodulated  jamming* 

In  the  c«ss  of  slight  detuning  of  the  jauning  vith  respect  to  the  signal 
frequency,  when  the  beat  period  is  many  times  greater  than  the  pulse  width, 

the  amplitude  of  the  resultant  voltage  can  be  written  in  the  fens 


*lP«f 


V. 

mg 


U2  v 


2V  .13  cos  a. 
ms  mg  ms  Tk 


(11.17) 


where 


T,  -  constant  when  0  <  t  ^  t  . 

K  P 

Since  the  phase  9^  will  change  from  pulse  to  pulse  and  can  take  any 
value  ic  the  range  0  to  2TT,  the  amplitude  of  the  resultant  voltage  At  the 

output  of  the  IF  amplifier  will  change  in  the  range  from  ^  )  to 

mj  ms 

There  is  virtually  no  distortion  in  pulse  shape  (fig.  11.6). 

A  constant  component  and  negative  (when  9^  =*  0) ,  or  positive  (when 
9^  ■  n),  polarity  (fig.  11.7)  are  obtained  across  the  detector  load, 

Is  the  case  of  galvanic  coupling  of  the  video  amplifier  to  the  detector, 
the  presence  of  a  large  constant  component  at  the  detector  output  causes  a 
displacement  of  the  operating  point  of  the  video  amplifier  stage  with  the 
result  that  the  video  amplifier  gain  factor  changes,  and  clipping  of  the 
signal  from  the  tirget  can  occur  as  a  result  of  anode  current  cut-off,  or 
as  a  result  of  the  grid  currents  flowing  in  the  video  amplifier  tubes. 

The  useful  signal  will  be  weakened,  or  completely  disappear. 
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The  insertion  of  a  transition  circuit  in  the  video  amplifier-  first 
stage  input  eliminates  the  effect  of  the  constant  component  of  the  output 
voltage  from  the  detector.  But  the  useful  signal  with  polarity  opposite  to 
that  for  vhich  the  video  pulses  amplifier  was  designed,  can  be  weakened. 
Consequently ,  pulses  of  reverse  polarity  will  be  dimly  seen  on  the  screen 
of  an  indicator  with  amplitude  markers,  and  will  not  be  seen  at  all  on  a 
tube  with  brilliance  markers. 


Figure  11.6.  The  appearance  of  the  pulsating  pulses  at  the  IF  amplifier 
output  as  a  result  of  the  random  rr-lationshi  -etwees  the 
phases  of  weak  unmodulated  jamcing  art  signal. 


Since  probability  of  the  appearance  of  positive  at.i  negative  pulses  is 
identical,  the  presence  of  unmodulated  gauming  reduces  the  number  of  pulses 
creating  the  target  pip  by  a  factor  of  approximately  two. 

Xa  the  case  of  severe  detuning  of  the  jamming  relative  to  the  signal 
frequency  (beat  period  -  •—  *  O  the  value  of  cos  (%**9k>  while  the 


reflected  signal  is  acting  will  change  from  -1  to  *1,  regardless  of  the 
Magnitude  of  <p^.  And  the  envelope  of  the  amplitude  of  the  resultant  voltage 
tfiLl  change  in  accordance  with  a  harmonic  law,  with  the  initial  phase  cf  the 
envelope  established  by  the  magnitude  of 
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Figure  11.7.  Effect  of  week  unmodulated  jsnaing  on  the  detector. 

v-t. 


Figure  11.8.  Distortion  in  the  shape  of  pulses  in  the  If  rag lifier 
ss  e  result  of  the  effect  of  weak  unmodulated  gassing 


whan  -  T^. 

U'iU  U'--  r/*i<4  Tt'i* 


Figure  11.9-  Distortion  in  the  shape  of  the  pulses  in  the  IF  jsplifier 
as  a  result  of  the  effect  of  weak  umaodulated  jaaaing  for 
various  T. 

D 
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Figure  11-8  a  hows  the  graphics  of  the  reaultwi  voltage  at  the  IF 
amplifier  output  for  T.  »  T  and  three  different  values  of  <R»  Figure  11.9 

Op  K 

shows  the  graphics  of  the  resultant  voltage  across  the  IF  amplifier  output 
for  X.  ■  2T  ,  T.  3  T  ,  I.  ■  2/3 T  .  T.  ■  l/2r  .  In  this  cose  distortion  of 

0  pDpO  p  D  P 

the  shape  of  the  video  pulse  (its  breakdown )  will  occur  at  the  detector  out¬ 
put,  in  addition  to  the  appearance  of  the  constant  component  and  upset  in 
the  functioning  of  the  video  amplifier.  Useful  signal  attenuation  will  also 
take  place. 

the  Effect  of  Strong  Unmodufbted  Jasmine 

Strong  unmodulated  jamming  overloads  the  IF  amplifier.  The  overload 
is  the  result  of  saturation  of  the  plate  circuits  of  the  amplifier  tubes, 
or  by  the  grid— circuit  clipping,  or  by  the  simultaneous  action  of  both. 
Complete  jmmaing  of  the  useful  signal  (fig.  11.10)  can  result.  When  strong 
unmodulated  jamming  la  acting  on  a  scope  with  amplitude  markers  one  sees 


Figure  11.10,  Panning  of  the  useful  signal  by  strong  unmodulated 

jamming  in  the  IF  maplifier  stages,  a  -  vcalc  unmodulated 
j aiming  does  not  jam  the  signal;  'b  -  strong  unmodulated 
jamming  overload*  the  IF  amplifier  stages. 
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Figure  11.11,  View  of  range  scape. 

a  -  no  jsaoing  (seen  on  the  scope  is  the  win  pulse  Tram 
the  tnuaittw  -  1;  pulses  reflected  firm  local  objects  - 
2;  pulses  reflected  from  ‘the  target  -  3 i  inherent  receiver 
noise);  b  -  strong  unmodulated  j easing. 


Figure  11.12.  View  of  PFI. 

a  -  no  jessing  (1  —  sain  pulse  froa  trszunitter;  Z  — 
pulses  reflected  froa  local  objects;  3  -  pulses  reflected 
frost  target;  4  -  surface  of  PPI  intensified  try  noise); 
b  -  strong  unsodulated  jessing  (darkened  sector,  5, 
corresponding  to  the  main  lobe  of  the  antenna  pattern, 
is  seen  on  the  screen).  ' 

the  target  pip  vanish  and  tbs  inherent  noise  in  the  receiver,  as  well  as 
reflections  froa  local  objects  will  diainiah,  or  virtually  disappear  (fig. 
11.11).  A  danc  sector  will  appear  on  the  PPI:  one  corresponding  to  the  stain 
lobs  in  the  antenna  pattern  (fig.  11.12). 
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Zt  has  been  reported  that  continuous  unodulated  j«mi ng  is  not  widely 
used  against  pulse  radars  because  it  can  be  overcome  by  relatively  simple 
means. 

11*8*  Continuous  Jaming  Amplitude  Modulated  by  Sinusoidal  Oscillations 

The  mathematical  expression  for  oscillations  amplitude  modulated  by 

harmonic  oscillations  of  frequency  ft,  is  in  the  form 

u  »  U  (l  *  m  cos  Qt)  sin  ffl.t  (ll.l8) 

“3  J 

or  O  »  U  .sin  m.t  +  m-S-  Bin  (uj.-CQt  ♦ 

nj  3  s  J 

*  jm  sin  (o»,  +  Q)t? 

2  J 

where  m  is  the  modulation  factor. 


Figure  11.13  *  P PI  screen  showing  continuous  jamming  modulated  by  lw 
frequency  oscillations* 

A  constant  component  and  a  modulating  oscillation  with  frequency  O  will 
be  separated  at  the  detector  output  if  the  IF  amplifier  is  not  overloaded* 

If  the  video  amplifier  is  protected  against  the  constant  component,  a 
modulating  oscillation  with  frequency  ft  will  be  reproduced  at  the  video 
amplifier  output,  and  this  will  be  fed  into  the  indicator  and  reproduced  00 
the  screens  of  cathode  ray'  tubes* 

When  the  frequencies  of  the  modulating  voltage  of  the  jamming  and  the 
scanning  voltage  of  the  indicator  are  multiples,  the  oscillogram  will  be 
fixed*  *  Practically  speaking,  because  of  instability  in  the  frequencies. 
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Figure  11.14.  Rang*  indicator  scope  showing  continuous  jasning  modulated 
by  high  frequency  oscillations. 

the  multiple  nature  of  their  relationship  is  upset,  and.  the  oscillogram  moves 
along  the  sweep,  fanning  a  flickering  image*  Observation  of  the  useful  signal 
is  difficult*  Figures  11*13  and  11*14  are  views  of  the  screens  of  indicators 
so  affected.  The  higher  the  frequency  of  the  non-multiple  nature 

sweep 

the  greater  the  modulation  factor* 

Moreover,  amplitude  modulated  jamming  can  cause  the  same  phenomena  as 
can  unmodulated: 

overloading  of  the  IF  amplifier  and  jamming  of  the  signal  before  it 
reaches  the  detector  as  a  result  thereof; 

appearance  of  dual-polarity  pulses  at  the  detector  output  as  a  result 
of  the  random  ratio  between  the  phases  of  the  carrier  frequencies  of  signal 
and  noise; 

distortion  of  the  shape  of  the  pulses  as  a  result  of  the  difference 
in  signal  and  noise  frequencies. 

The  jamming  discussed  is  narrow  band*  The  equipment  for  coping  with 
it  is  simple.  Hemcva  it  has  not  been  widely  used  either*  hut  it  Can  be 
used  when  conical  scanning  by  the  antenna  beam  is  used  to  angle  track*  In 
this  case  the  modulation  is  by  the  spatial  scanning  frequency*  An  angular 
error  in  introduced  in  the  antenna  control  system  when  janaing  of  this  type 
is  in  use,  or  automatic  tracking  is  completely  upset* 
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11,9-  Pulse  Hobe 

Pulse  noise  is  a  sequence  of  unmodwl&ted,  or  modulated,  high  frequency 
pulses  gen^ated  by  the  transmitters  tuned  to  the  frequency  of  the  target 
radars-  The  synchronous  pulse  noises  at  which  the  pulse  repetition  frequency 
is  equal  to,  or  is  a  multiple  of,  the  pulse  repetition  frequency  of  the  target 
radar,  and  the  non-synchronous  pulse  noises,  differ. 

3he  noise  pulses  on  the  screen  will  remain  fixed  when  synchronous  pulse 
noise  with  pip  amplitude  is  working  on  the  screen,  for  in  this  esse  the  pulse 
noise  is  very  similar  in  appearance  to  target  pips  (fig-  11-15)  •  If  the  noise 
pulses  are  close  to  target  pulses  in  amplitude  and  width,  it  is  very  difficult 
to  distinguish  the  useful  signals  from  tfc«a  interference- 


Figure  11 -3  5-  View  of  a  range  scope  screen  with  synchronous  pulse 
noise  showing  (L  -  pulses  from  local  objects;  S  - 
receiver  noise;  P  -  pulse  noise;  X  -  target  pulse) . 

Nan-synchronous  pulse  noise  moves  the  noise  pulses  about  on  the  screen, 
and  it  is  Very  difficult  to  distinguish  the  target  pip  (fig.  11.16)  « 

Large  amplitude  pulse  noise  overloads  the  stages,  causing  a  loss  of 
receiver  response  for  some  time  after  it  has  acted. 

Wien  the  radar  is  operating  in  the  target  range  tracking  mode,  and  in 
order  to  drain  off  tho  tracking  strobe,  response  jamming  with  a  false  delay 
tine  can  be  used,  leading  to  on  interruption  in  range  tracking  of  the  target. 

Sjjoplac  ana  miltiplex  response  pulse  noise  can  also  be  used  to  iadtate 
false  targets. 
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Figure  11, 1G.  View  of  a  range  scope  showing  unsyncbrooized  poise  noise. 

Noise  with  a  regular  structure  is  of  little  effect.  First  of  all,  it 
is  usually  narrow  hand.  Second,  since  the  modulating  signal  baa  a  definite 
periodic  behavior  pattern,  selection  of  the  corresponding  filters  can  weaken 
considerably,  or  erven  do  away  with,  the  effect  of  the  noise. 

n>e  greatest  effect  is  by  noise  with  an  irregular  structure,  so  called 
noise  jamming.  Noise  jamming  is  similar  to  the  internal  fluctuating  noise 
inherently  present  in  the  receiver,  so  if  no  special  measures  are  imdcxtalcm, 
it  is  difficult  to  distinguish  from  set  noise. 

11.10.  Fluctuation  (straight  Moiae)  Jacmipg 

Straight  noise  jamming  is  a  limited  band  of  frequencies  of  fluctuation 
noise  amplified  in  the  corresponding  devices  and  radiated  in  order  to  jam 
electronic  equipment.  Xoroerer,  fluctuation  jamsing  can  be  formed  in  the 
equipment  itself  because  of  fluctuations  in  the  currents  flowing  in  the 
tabes  (the  shot  effect)  and  as  a  result  of  the  chaotic  movement  of  the  elec¬ 
trons  in  resistors  and  in  other  components  „ 

Fluctuation  jasming  is  a  random  process,  and  probability  laws  (so  called 
probability  distribution  laws)  are  resorted  to  to  describe  it.  However, 
there  are  asy  problems  dealt  with  when  knowledge  of  certain  statistical 
characteristics  of  the  process  is  sufficient.  A  process  is  said  to  be 
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Btaiifliury  vhcn  the  distribution  lass  and  all  the  other  probability  charac¬ 
teristics  associated  with  it  do  not  depend  oh  the  origin  of  the  tin*  reading. 

Stationary  processes  possess  ergodidic  properties ,  in  accordance  with 
which  any  realization  o£  the  process  has  the  sane  statistical  properties. 


There! ore,  in  the  case  of  ergodidic  random  processes  any  statistical  charac¬ 
teristic  obtain  ad  by  averaging  many' possible  realisations  with  a  probability 
as  close  to  unity  as  possible  can  be  obtained  by  averaging  a  single  realization 
of  the  randon  process  over  a  sufficiently  long  tine  interval. 

In  the  case  of  stationary  fluctuation  jenung,  the  basic  characteristics, 
■which  can  be  fetud  by  tine  averaging,  are: 

-the  average  value,  or  the  constant  couponed  of  the  noise  voltage 


ii  =  lira  -=r  f  xdt\ 

the  effective,  or  aean  square  value  of  the  voltage 


(11.19) 


“off 


5“ /-M 


tC4t\ 


(11 .20) 


tbd  «£lecUi«  aqtured  ralw  of  the  voltage,  or  the  mown  square  noim» 
voltage  r 


(11.21) 


{the  Xatt«r  oagnitode  is  moericslly  equal  to  the  average  power  for  the 
Iprocesa,  »ep*r»ble  by  a  resistance  of  1  ohm) ; 

the  mn>n  square  variable  caapooent  (dxspex'&ixm)  of  the  process 


c-  =  Ifm  -y-J  (jt  —  ufidt* 


(11.22) 


iliqwrsioa  is  miMrically  equal  to  the  average  power  of  the  variable 
component  of  the  proceae,  separable  by  a  resistance  of  I  obuu 


The  Correlation  Function 

Host  completely  characteristic  of  fluctuation  Returning  is  the  correlation, 
function,  which  is  the  time  average  of  the  product  of  two  running  values  of 

.fluctuation  voltages  displaced  by  an  interval  of  time  ts 

r 

R(V- Km  4 r[  a  V) a <?+*)#•  (11.23) 

Die  correlation  function  characterizes  the  association  between  the 
preceding  and  succeeding  values  of  tbs  fluctuation  voltage  tine  interval  T 
apart. 

Figure  11.17  shows  a  typical  curve  of  the  correlation  function  for  a 
-rand on  stationary  process. 

Figure  11.17.  Graphic  of  -the  correlation 
function  of  a  stationary  random  process. 
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Bailie  properties  of  the  cox-relation  function. 

1-  Tu«  correlation  function  is  even 

R  &*=!«.- 0- 

2.  When  T  "*  %  the  dependence  between  the  magnitudes  u(t)  v  u(t  ♦  T) 
weakens.  At  the  sane  tine.  i2  there  is  no  constant  component  i  the  process 

liiu  R  {")  /?(<»)=  0. 

When  there  is  a  constant  conponent,  R(«*l  is  numerically  equal  to  the 
power  of  the  constant  component  of  the  process,  separable  by  a  resistance  of 
1  ots. 

#(“)  = 

3.  When  T  a  0,  the  correlation  function  takes  its  aerianm  Value  and  is 
umerically  equal  to  the  total  average  power  far  the  process,  separably  by 

a  resistance  of  1  oho. 

Dispersion  of  the  stationary  process  is 

a’=^R[0)  —  R  (»)• 

If  the  correlation  function  is  reduced  to  an  extremely  small  value 
(say,  to  1%  or  5%)  over  a  period  of  tiae  T  -  T^,  the  magnitude  is  called 
the  time,  or  the  interval,  of  correlation.  The  magnitudes  u(t),  uCtvT^)  can 
be  taken  as  practically  independent. 


The  Energy  Spectrum 


The  concept  of  an  energy  apectrus,  or  of  spectral  power  density,  is 
introduced  for  the  characteristic  curve  of  the  spectral  coexpositlcn  of  the 
fluctuation  jumping.  By  definition,  the  following  magnitude  is  called  the 
spectral  power  density 


r/n  Pif.f+M -tSLl±m 

G<f>  “1$  27 - “! 


where 

df  is  an  infinitely  narrow  band  of  frequencies; 

PCX,  f+  df )  is  the  power  contained  within  this  infinitely  narrow  band. 


(11.24) 


Tbc  spectral  power  density  is  a  function  of  the  frequency  and  indicates 
the  distribution  of  the  power  of  the  fluctuations  with  respect  to  the  frequency 
band. 

The  spectral  power  density  has  the  dimensionality  watxs/herts,  or  watts/ 
megahertz. 

It  is  sometimes  suggested  th«»«.  mere  is  some  ideal  source,  from  the 
output  of  which  one  can  take  noise  voltage  with  an  infinitely  uniform 
energy  spectnaa,  the  purpose  of  which  is  to  study  the  properties  of  fluctuation 
noise.  This  noise  is  called  white  noise,  by  analogy  to  white  light,  the  spec¬ 
trum  of  which  in  the  visible  portion  is  continuous  and  uniform.  In  fact, 
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-there  ia  do  each  thing  as  vhite  noise  because  any  electronic  device  has  a 
finite  frequency  pass  band  and  a  1  in  it  ad  dynamic  range. 

The  nature  and  width  of  the  speetz-um  of  fluctuation  depends  on  the  noise 
scarce,  as  well  as  on  the  circuit  through  which  the  jamming  flows. 

Sene  sources  generate  noise  with  a  uniform  spectrum.  Noise  such  as  this 
is  created  by  electronic  tubes  {because  of  the  shot  effect),'  pure  resistances, 
and  other  sources. 

The  spectral  density  of  the  noises  generated  by  pure  resistance  R,  can 
be  found  through  the  expression 

C(f\^-'.kTR.  <11.25) 

where 

k  la  tiie  Boltzmann1 s  constant,  equal  to  1,33*10  *  joules/dogree; 

T  is  the  absolute  temperature 


Figure  11*  19*  Spectrum  of  noises  generated  by  a  thyratron 
Vertical:  volt horizontal:  MHz* 

The  energy  spectrum  of  tne  doik*  generated  by  pure  resistance  does  not 

13  i4 

depend  on  the  frequency  in  the  ranee  to  10  -10  hertz,  but  does  serve  as 

a  kind  of  approximation  or  the  energy  spectrum  of  white  noise. 

The  graphic  of  the  energy  spectrum  of  white  noise  is  shown  in  Figure 
11*13* 
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Other  sources,  vxh  as  ’a  Thyratron,  lor  «Xsq>l«,  produce  wxm  with  a 
nonuniform  spectra*  (fig.  11.19). 

Atmospheric  noise,  the  intensity  Of  which  decays  with  increase  in 
frequency,  has  a  nonuniform  spectrua. 

The  structure  of  the  fluctuation  noise  depends  on  the  width  of  the 
energy  spectra*.  Jawing  is  called  narrow  band  if  the  averse*  frequency  in 
the  spectrua  is  such  greater  than  its  width  (fig.  11.20a).  Jwjng  is  called 
broad  band  if  the  width  of  its  energy  spectrum  is  comparable  to  the  average 
frequency  of  this  spectrua  (fig.  11.23b).  The  average  duration  of  the  voltage 
spikes  is  longer  for  narrow  band  jamming  than  it  is  for  j tailing  with  a  broad 
energy  spectrua.  The  duration  of  the  noise  spikes  can  be  approximated  by 
the  Magnitude 


T  noise  spike  ** 


(11.26) 


width 


where 


**width,  **  *he  width  or  the  energy  spectrum,  found  through  the  formula 


d*L 


■width 


f 

o 


(11.27) 


where  is  the  correlation  time, 
c 


Figure  11.23.  Energy  spectnas  for  narrow  band  (a)  and  broad  hand  (b) 
fluctuation  jamming. 

J aiaring  without  a  constant  component ,  the  spectrua  of  which  is  in  the 

radio  frequency  band  is  called  high-frequency  jamming  (high-frequency  noise). 

If  the  spectrum  is  adjoining  the  coordinate  origin,  the  jamming  is  called 

low-frequency  jamming  "  (video  noise)  • 

If  fluctuation  jamming  with  on  energy  spectra a  G^(f)  is  acting  at  the 

input  to  a  linear  system  the  energy  spectrum  at  the  Output  of  this  system 

will  be  found  through  the  formula 

G  (f)  -  G.  it)  •  X?(t)  (11.23) 

OUt  2J1 

■Inn 

K(£ )  la  the  amplitude-frequency  curve  for  the  system. 

When  It  is  white  noise  that  is  acting  at  the  input  to  a  linear  system, 
the  energy  Bpectrua  of  the  noise  at  the  output  will  coincide  in  shape  with 
the  square  of  the  amplitude-frequency  curve  (fig.  11.21). 
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If  fluctuation  voltage.  i»  fed  into  the  input  of  s  oonl  inesr  ccnpouent , 
such  ns  n  detactor,  the  energy  spectra  will  very  greatlp  in  shape. 


figota  11.21.  Conversion,  of  a  white  noise  spectra  into  a  linear 
selective  systesu 


Figure  11.22.  hiergjr  spectrac  of  a  narrow-band  randan  process  after 
conversion  into  a  nonlinear  system. 

For  example,  if  a  narrev-bsnd  process,  the  spectrra  of  which  is  concen¬ 
trated  in  a  relatively  narrow  band  of  frequencies  near  high  frequency  f 

o 

(an  exoapla  of  this  process  is  noise  at  the  output  of  a  linear  system,  the 

bend  of  which  is  much  narrower  than  its  resonant  frequency)  is  acting  at  the 

input  of  a  nonlinear  system  with  y  =  f(x),  the  output  spectra  will  consist 

of  several  parts  (fig.  11.22): 

a  low-frequency  part  of  the  energy  spectrum  G  (f )  ; 

o 

port  of  the  energy  spectrum  located  near  the  carrier  frequency  G^(f). 

The  other  parts  of  the  energy  spectrum  are  located  near  the  odd  and 

even  harmonics  of  frequency  f  . 

o 

Frott  the  sUndpoint  of  detection,  the  inn  interest  is  the  lw-freqUency 
portion  of  the  energy  spectrum  because  the  high- frequency  component  of  the 
spectrum  is  usually  filtered  out  in  the  detector  load*  The  spectral  band, 
G^(f),  is  the  aain  interest  in  the  case  of  modulation  in  radio  transmitters* 
The  energy  spectrum  and  the  correlation  function  are  not  independent 
characteristics  of  a  random  process  since  both  describe  the  process  from 
the  standpoint  of  the  rats  at  which  it  occurs* 

The  energy  spectrum  and  the  correlation  function  of  a  random  stationary 
process  are  related  to  aach‘  other  through 

«• 

G(f)tas2*fr<if, 

0 


(11*29) 
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C(fi=4|A’WC03!h:/^T. 


(11.30) 


The  correlation  function  of  white  noise  equals 


«(')=  f  G„ cos  dj  =  ■ ■%- 1  (s),  (11.31) 

0 

that  Is,  it  is  a  delta  function  at  the  coordinate  origin.  By  definition, 
the  delta  function  6<T>  equals  zero  when  T  /  O  and  is  unlimited  when  T  -  O. 


SM- 


I  0.  s-AO 
\  CX>.  T  =  0. 


In  this  case  the  correlation  function  is  instantaneously  draped,  indicating 


the  complete  independence  of  the  instantaneous  values  when  t  r  O.  The  cor¬ 
relation  function  will  be  damped  to  varying  degrees  for  the  intermediate 
values  of  the  width  of  the  spectrun  of  random  processes  (o<Af<®). 


Figure  11.23  shows  the  correlation  function  of  the  noise  voltage  across 


the  output  of  an  mplifier  with  a  bell-shaped  frequency  curve.  The  solid  line 

is  the  correlation  function  for  the  case  when  the  resonant  frequency  is  f  /  0, 

o 

and  the  dotted  line  for  the  ease  when  f  >0  and  the  By  ate.  band  pane  equal  a 

o 

Af/2  (low  frequency  filter).  Since  the  correlation  function  is  even,  the 


frequency  curve. 


Thus,  the  correlation  function  contains  traces  of  all  the  manifestations 
of  a  process  fixing  its  frequency  spectrum.  Oscillations  in  the  correlation 
function  with  predetermined  frequency  denote  the  average  spectrum  frequency. 
Attenuation  in  the  oscillations  characterizes  the  width  of  the  fluctuation 
qmctnm,  and  the  shape  of  the  envelope  of  the. correlation  function  is 
related  to  the  shape  of  the  frequency  spectrum. 

Direct  noise  jamming  is  created  by  special  jammers  providing  a  coope¬ 
ratively  high  spectral  owe**  density  over  a  broad  band  of  frequencies  and 
is  used  to  create  barrier  jamming. 
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ffadulations 

Spo-  frequency  noise  jamming  is  generated  by  modulating  high  frequency 
generators  with  noise  voltage.  The  modulation  can  be  done  in  amplitude, 
frequency,  or  by  both  parameters  simultaneously. 


Figure  11_24_  Energy  spectruas  of  modulating  noise  (a)  and  of  aoplitude- 
modulated  noise  jamming  in  the  case  of  linear  modulation 
Cb>. 


The  energy  spectrum  of  amplitude  modulated  noise  jamming  consists  of 
a  discrete  component  at  the  carrier  frequency  and  two  side  bands,  the  shape 
of  the  envelope  of  which  in  the  cose  of  linear  modulation  coincides  with  the 
envelope  of  the  lnw-frequency  spectruas  of  the  modulating  noise  (fig.  11.E4). 
The  side  components  of  the  spectrum  of  amplitude-modulated  noise  jamming  has 
symmetrical  amplitude  and  phase.  Amplitude-modulated  noise  jomlng  is  close 
to  straight  noise  jamming  in  effectiveness.  This  type  of  jamming  is  widely 
used  in  the  meter  and  decimeter  wave  bands. 

Frequency-modulated  noise  jamming  has  been  the  type  most  widely  used. 

In  the  case  of  the  frequency  modulation  of  the  noise— jamming  transmitter, 
the  width  and  the  nature  of  the  jamaing  spectrum  depend  on  the  effective  index 
of  the  frequency  modulation  and  on  the  lav  for  the  probability  of  the  distri¬ 
bution  of  the  modulating  noise. 

'Die  effective  index  of  modulation  can  be,  found  through  the  expression 


B  „ 

eff 


AS 


eff 

r 

width 


where 

i*  the  cffectirc  deviation  (the  »«an  square  deviation)  in  the 
frequency; 

^uidth  ^  the  width  of  the  spectrum  of  the  modulating  noise. 

Xn  the  ca sc  of  a  linear  f ragoaocy-nodulat ion  characteristic  curve  and 
sufficiently  high  modulation  indexes  >  1) ,  the  envelope  of  the  spectrum 

of  nodulated  oscillations  repeats  the  law  for  the  probability  of  the  distri¬ 
bution  of  Modulating  noises.  The  width  of  •the  spectrw  is  fixed  by  the  dual 
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deviation  or  the  frequency-  If  the  modulation  is  done  by  noise  with  *  normal 
distribution  law,  the  envelope  of  the  energy  spectrum  has  a  shape  coirbipooding 
to  the  nonaal  lav  (fig.  11.25) .  Amplitude  limited  noise  is  used  to  obtain  a 
■ore  uniform  spectrum. 


Figure  II- 25.  The  energy  spectrum  of  frequency— modulated  noise  jsaing 
in  the  case  of  linear  modulation  by  noise  with  a  normal 
distribution  lav. 

Combined  frequency  and  amplitude  modulation  is  the . case  in  many  generators 
using  self-excitation.  For  example,  in  the  case  of  frequency  modulation  of 
magnetrons  and  backviird  wave  tubes  additional  amplitude  modulation  occurs 
because  the  generated  power  depends  on  the  frequency. 

The  shape  and  width  of  the  nodulated  oscillation  spectrum  desired  can 
be  obtained  by  selecting  the  coefficient  of  amplitude  modulation,  the  index 
of  frequency  modulation,  and  the  spectrim  and  structure  of  the  modulating 
noises. 


11,12.  Methods  of  Generating  Noise  Jamming 

Photoelectron  multipliers,  tbyratrons  in  a  magnetic  field,  and  noise 
diodes  are  used  in  modern  transmitters  as  sources  for  the  modulation  of 
noise  voltage. 

Riotoelectron  multipliers  provide  an  adequately  uniform  apectnu  of 
noise  voltage  up  to  frequences  of  several  tens  of  megahertz,  with  a  noise 
intensity  of  approximately  lcP-  io4  microvolts/megahertz. 

Tbyratrons  in  a  magnetic  field  have  quite  a  vide  noise  spectrum  (up  to 
6  to  7  megahertz).  Their  principal  advantage  is  a  high  level  of  noise 
voltage. 

The  types  of  oscillator'  tubes  used  in  j arming  transmitters  are  selected 
according  to  the  purpose  for  which  the  transmitter  is  intended,  wave  band, 
and  power  required. 

Conventional  oscillator  tubes,  triodes  and  tetrodes,  are  used  in 
jamming  transmitters  for  the  shortwave  and  meter  wave  bands. 


RA-015-& 


443 


lOO  to  1500  watt,  continuously  oscillating  magnetrons,  are  widely  used 
in  airborne  and  shipboard,  &m  well  as  ground ,  juners  in  tbe  centimeter  and 
decimeter  bands. 

A  recent  development  is  a  oor«  powerful  tube,  tbe  barratron,  which  is 
a  magnetron  operating  on  unrtable  types  of  oscillations.  The  effective 
power  of  barratrous  is  approximately  ten  times  greater  than  that  of  modern 
Magnetrons,  Barratrous  have  been  developed  in  two  versions;  one  with  a 
fired  frequency  for  barrier  j amors ,  and  one  with  smooth,  retiming  (electronic 
or  mechanical)  for  spot  jammers.  Barratrous  are  used  in  the  decimeter  and 
centimeter  wave  bands. 

Backward  w«ve  tubes  have  also  been  widely  used.  The  tubes  in  use  at 
the  present  time  operate  in  the  band  from  400  to  200,000  MHr  and  can  be 
quickly  retimed  electronically  over  a  range  of  several  tecs  of  percent. 

Thslr  power  ratings  range  from  a  few  watts  to  tens  of  kilowatts* 

11.13*  Characteristics  of  Boise  Jamming 

The  effect  of  continuous  straight  noise  jamming  is  similar  to  that 
created  by  receiver  noise.  This  type  of  jamming  forms  a  characteristic 
noise  trade  on  the  screen  of  an  indicator  with  an  amplitude  marker,  and  its 
imago  depends  on  the  sweep  rate  aid  repetition  frequency  for  a  given  receiver 
IF  and  video  frequency  pass  band.  A  low  amplitude  useful  signal  can  be  seen 
in  scene  cases  as  a  darkening  of  the  sweep  line  at  the  base  of  the  signal 
against  the  noise  background. 

In  PPIs  the  noise  modulates  the  electron  beam  intensity-  At  the  same 
tiers,  the  noise  leaves  traces  in  the  form  of  bursts  of  random  brilliance 
and  size  out  of  synchronism  with  the  sweep.  Noise  reduces  the  brilliance 
interval,  distorts  the  signal  image,  and  masks  it* 

The  manner  in  which  noise  jamming  with  amplitude,  frequency,  or  amplitude- 
frequency  noise  modulation  acts  is,  basically,  the  some  as  in  the  case  of 
straight  noise  joining.  Amplitude-modulated  noise  jamming  differs  from 
straight  noise  because  it  contains  a  carrier  frequency  and  symmetry  with 
respect  to  amplitude  and  pha&e  of  the  side  components  relative  to  the 
carrier  frequency.  As  distinguished  fraa  the  case  of  straight  noise  janiing , 
there  will  be  no  darkening  of  the  image  near  the  sweep  when  there  is  a 
signal  caused  by  signal  pulsation  because  of  tbe  beating  of  the  carrier, 
which  degrades  signal  observability. 

In  the  case  of  frequency  modulated  noise  jamming,  frequency  modulation 
is  converted  into  amplitude  modulation  in  the  receiver  because  the  IF  ampli¬ 
fier*  s  transmission  coefficient  is  a  function  of  -  the  frequency,  and  an 
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? inure  11.26.  PP1  scope  sbcMir-g  continuous  coiso  jsrmirg. 


Figure  11.27.  Range  scope  showing  continuous  noise  jaaming* 
(J  -  jauning;  T  -  target  pulse) 


envelope  of  converted  amplitude  modulated  oscillations  will  be  separated 
out  at  tne  output  or  tbs  amplitude  discriminator. 
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If,  in  this  c»e,  the  level  of  the  noise  jamming  is  high  enough,  the 
IF  amplifier  will  be  overloaded,  and  the  result  will  be  partial,  or  total, 
jamming  of  the  useful  signal,  depending  on  jamming  power.  Figures  11.26 
and  11.27  show  the  effects  of  Continuous  noise  jsmsiog  on  the  receiver-indi¬ 
cator  channel. 


11.14.  The  Jamsing  Factor.  The  Countermeasures  Equation 


The  concept  of  a  jamming  factor,  ,  will  be  introduced  for  ma siting  type 
3 (caning .  The  jamming  factor  will  be  understood  to  mean  the  magnitude  equal 
to  the  minimum  ratio  of  jamming  power  to  useful  signal  power  at  the  receiver 
input  at  which  the  probability  of  a  radar's  carrying  out  its  combat  mission 
is  reduced  to  a  predetermined  level. 

The  jamming  factor  depends  on  the  type  of  radar  being  jasmsed  (mainly 
on  the  availability  of  protection  against  jamming  in  the  equipment) ,  and 
CO  the  form  of  jamming  selected. 

Straight  noise  jamming  is  the  most  effective,  and  in  this  case  the 
jamming  factor  is  at  its  least  value. 

bet  us  suppose  the  jamming  is  created  by  an  on-board  jammer. 

Disregarding  attenuation  in  the  atmosphere,  the  reflected  signal  power 
at  the  receiver  input  is  H  2^.  ^2 

P  =  (11.32) 


P  _  is  the  radar  transmit  ter  power; 
rad 

g  is  the  antenna  gain  for  the  radar4; 

is  the  target  scatter  area; 
ft  is  the  target  range* 


Jammer  power  at  the  receiver  input  is 
P  V  ^  , 

S  (4nR)2 


(11.33) 


ia  the  jaszncr  power;  , 

g.  is  the  jammer  antenna  gain* 
31- 

■ing  will  be  effective  if 

J>  K.P  . 
j  j  8 


(11.34) 


This  condition  is  called  the  countermeasures  condition*  By  substituting 
the  relationships  at  ( 11*33)  and  111*32)  i**  too  equation  at  (11.34),  we 
obtain  the  expression 


RA-015-68 


446 


Pjt«Jt  *  KjPrad°V  4WR 


(11.35) 


which  is  known  as  the  count eracasuroe  formula.  The  product  of  P.o ..  is 

Jtjt 

celled  the  equivalent  jammer  power. 

An  .analysis  of  these,  relationships  indicates  that  as  a  target  carrying 
a  jonaer  approaches,  the  signal  power  at  the  receiver  input  increases  very 
much  more  rapidly  than  does  the  jammer  power.  This  can  ha  explained  by  the 
fact  that  signal  power  at  the  receiver  input  is  inversely  proportional  to 
the  fourth  power  of  the  distance,  hut  the  jammer  power  is  inversely  propor¬ 
tional  to  the  square  of  the  distance.  Therefore,  at  some  range,  called  the 
minimum  jammer  operating  .range,  R^,  the  countermeasure  condition  at  (11.34) 
ceases  to  prevail  and  the  target  begins  to  appear  in  the  noise  background 
(fig.  11.28}. 

This  leads  to  another  conclusion,  namely,  that  if  the  target  is  using 
j mining  for  self-protection,  a  lower  powered  on-board  jaamr  is  needed  for 
long-range  radar  jamming. 

The.  absolute  value  Of  the  jasner  power  at  the  receiver  input  increases 
as  the  jmmser  approaches  the  radar  and,  beginning  at  some  range  ,  begins 
to  overload  the  receiver-indicator  channel.  When  this  is  the  esse,  light- 
struck  sectors,  the  sixes  and  number  of  which  increase  continuously  os  the 
receiver  is  overloaded  by  the  jamming  acting  on  the  side  ldbes  in  the  antenna 
pattern,  font  on  the  PPI  screen.  Beginning  at  acre  range,  the  indicator  con 
bo  light-struck  in  a  circular  direction.  If  the  receiver  gain  is  reduced, 
the  jamming  will  only  effect  the  main  lobe  in  the  pattern.  Only  a  narrow 
flare  section  will  be  observed  in  this  case. 

The  jamming  range  is  selected  greater  than  the  target  radar  range.  If 
this  is  daoe  the  target  radar  will  be  joined  before  the  jaamer  comes  within 
range  of  the  radar. 


Figure  11.28.  Superposed  operating  ranges  for  a  jammer. 
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A  -  (P^*»_)ias  B 


P.  .  ;  C 

3  in’ 


Pj  in*  °  -  ‘Win* 


E  -  overload  P;  ~  -  jammer  range  resulting  from  receiver 

overload;  G  -  jammer  range  controlled  by  countermeasures; 

K  -  K. ;  I  -  radar;  J  -  R.(  K  -  R;  1  -  8  ,  . 

3  i  min 


11.15.  Parasitic  Jamming 

The  application  of  parasitic  jamming  is  based  on  the  use  of  the  principle 
involved  in  the  secondary  emission  of  radio  waves.  In  the  case  of  ground 
radar,  this  parasitic  interference  is  currently  generated  by  so-called  "traps" 
(false  targets),  inflated  and  corner  reflectors,  and  parasitic  reflectors. 

In  the  case  of  airborne  radars  the  jamming  can  be  generated  by  using  corner 
rei'lectors  producing  a  mask  for  individual  objects,  imitating  false  objects 
(factories,  bridges,  railroad  stations,  and  the  like),  or  even  changing  the 
radar  map  of  the  terrain.  Unorganized  parasitic  jamming  results  from  reflec¬ 
tions  from  local  objects,  tbunderbeads ,  rain,  and  snow,  la  the  millimeter 
and  centimeter  bands,  reflections  of  this  kind  can  be  very  intense  so  that 
thonderheads,  rain,  and  fog  can  greatly  reduce  radar  range,  or  even  hide 
whole  areas  within  radar  range  from  observers. 

Parasitic  reflectors  to  generate  parasitic  jamming  are  made  in  the  form 
of  dipoles  of  length  l  *  X/2  or  I  X.  If  a  half-wave  dipole  is  within  the 
zone  illuminated  by  a  radar,  the  operating  frequency  of  -which  coincides  with 
the  dipole’s  resonant  (natural)  frequency,  the  dipole  will  generate  more 
intensive  oscillations.  The  natural  wave  length  of  the  dipole  is  approximately 
equal  to  twice  its  length.  The  length  of  the  dipole  is  token  as  something 
less  than  half  the  length  of  the  wave  illuminating  it  in  order  to  obtain 
resonance,  that  is,  a  contraction  factor  is  introduced 

*=,-1—0,95, 

where  2 

l  is  the  length  of  the  dipole; 

X  is  the  wave  length. 

Small  deviations  from  the  resonant  frequency  i±5  to  10?))  do  little  to 
reduce  the  jamming  effectiveness,  so  chaff  of  a  Single  size  is  used  to 
create  jamming  of  stations  the  frequencies  of  which  are  1C%  apart. 

Parasitic  reflectors  can  be  mode  of  aluminum  foil,  foil  glued  to  paper, 
metallized  paper,  glass  fiber,  and  glass  plastic. 

Chaff  is  dropped  from  aircraft  in  bundles,  and  the  amount  of  this  chaff 
per  bundle  i a  selected  so  that  each  bundle  will  offer  a  reflection  equivalent 
to  one  that  would  be  obtained  from  a  target.  The  bundlca  are  cut  diagonally 
in  order  to  increase  the  range. 
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Figure  11*29,  PPI  screen , showing  parasitic  jaming  by  the  corridor 
method. 

IX  the  target  is  to  be  hidden  from  radar  observation,  enough  chaff  must 
be  released  from  the  aircraft  to  provide  an  effective  reflecting  surface  in 
the  pulse  volume  equal  to,  or  greater  than  tho  effective  reflective  surface 
offered  by  the  target,. 

Dipole  j earning  today  ia  generated  by  the  discrete,  or  the  corridor, 
method.  In  the  first  of  these  the  bundles  are  dropped  from  the  aircraft 
at  predetermined  tine  intervals.  The  reflections  from  these  bundles  look 
like  real  target  pips  on  radar  screens.  Package  life  is  short,  however,  . 

because  the  packages  quickly  lose  forward  motion  and  scatter  as  they  fall. 

In  the  corridor  method  the  aircraft  providing  the  Jacning  drops  chaff  , 
continuously  to  form  a  long  cloud  (a  corridor)  of  jjmaning.  Following  aircraft 
can  use  this  cloud  to  cover  them  so  they  can  fly  through  undetected  (fig.  11.29) • 
The  aircraft  providing  the  jaming  can  also  fire  the  packages  of  chaff  ahead 
of  it  by  using  rockets.  * 

Automatic  devices  that  make  drops  at  a  previously  •  set  tempo  are  used 
to  drop  the  bundles  of  chaff. 

11.1b.  Countermeasure  Masking  '  , 

The  purpose  of  countermeasure  masking  is  to  hide  various  ground  targets, 
aerial  and  space  guidance  equipment,  and  military  equipment  free*  radar  obser¬ 
vation,  as  well  as  to  create  false  target  pips  and  objects  on  radar  screens. 

.  *  i 
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This  unking  con  be  done  by  using: 
corner  reflectors; 

narrow-band  interference  radio-frequency  absorbing  coatings; 

broad  band  radio— frequency  absorbing  coatings; 

an  object  shape  offering  little  reflection  towards  the  radar. 

A  corner  reflector  consists  of  autually  perpendicular  flat  faces  cut 
in  triangles,  sectors,  and  rectangles  (fig.  11.30)  and  rigidly  fastened 
together.  It  reflects  electromagnetic  energy  falling  on  it  in  the  opposite 
direction. 


Figure  11.30.  Shapes  of  corner  reflectors. 

a  -  with  triangular  faces;  b  -  with  sector  faces; 
c  vith  rectangular  faces. 


The  w.m'aw.  reflecting  surface  of  a  triangular  reflector- with  triangular 

faces  Can  bo  computed  through  the  formula 

W 

where 

a  is  the  length  of  a  rib  of  a  comer  face  rib. 


For  the  corner  reflector  with  square  faces 

15;  «< 

«e  —  »>  - 

Corner  reflectors  are  used  to  mask  ground  targets  against  radar  observ*-, 
tion,  as  well  as  to  create-  false  targets  on  the  around,  in  the  water,  and 
in  space. 

Anti-radar  coatings.  The  use  of  anti-radar  coatings  reduces  the 
effectiveness  of  target  reflecting  surfaces,  that  is,  it  attenuates  the 
power  of  reflected  signals.  Radar  range  is  thus  reduced,  and,  by  way  of 
an  example,,  a  12  db  reduction  in  reflected  signal  strength  results  in  halving 
the  radar  range. 

Hie  coatings  are  of  two  types;  interference  and  absorbing. 

A  wave  reflected  from  the  external  surface  of  the  interference  coating 
are  ccopensstod  for  by  a  wave  reflected  from  the  surface  of  the  object. 
Coating  thic  Irate  is  selected  equal  to  ooe-fourth  the  wave  length,  or  to  a 
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multiple  of  &n  odd  number  of  quarter  waves.  Interference  coatings  can  be 
■mde  of  rubber,  nixed  with  Carbonyl  iron.  The  principal  drawback  ia  lack 
of  band  cover  ago. 

There  is  no  reflection  of  electromagnetic  energy  from  the  external  surface 
of  bread  band  absorbing  coatings  because  of  the  predetermined  struct uro  of 
their  material.  The  electromagnetic  waves  enter  the  coating  and  are  completely 
damped  in  it.  Tho  materials  used  aro  diolec tries,  or  fibrous  mats  impregnated 
with  a  mixture  of  neoprene  and  conducting  carbon  black,  iron  fillings  or  chips 
in  combination  with  ordinary  fur,  with  layers  of  sheets*  of  corrugated  paper 
board,  rubber  nixed  with  carbon  dust,  and  others. 

The  eetemal  surfaces  of  absorbing  coatings  are  not  made  smooth,  but  are 
given  a  sort  of  relief  of  pyramidal  protrusions  (horns)  covering  the  entire 
surface.  This  provides  additional  reduction  in  residual  reflection  of  inci¬ 
dent  electromagnetic  energy. 

Absorbing  coatings  are  applied  in  several  layers. 

The  development  of  anti-radar  coatings  is  XoJ  lowing  a  path  leading  to 
a  reduction  in  residual  reflection,  in  reducing  their  woight  and  overall 
dimension*. 

Anti-radar  costings  can  be  used  on  ground,  surface,  submarine,  air,  and 
00  space  targets  offering  a  radio  frequency  contrast. 

Specifically,  the  effective  reflecting  surface  of  the  warhead  of  a 
ballistic  missile  can  be  reduced  by  metal  screens  shaped  to  provide  little 
reflection  in  the  direction  to  the  radar,  or  by  materials  absorbing  radio 
waves. 

These  measures  can  reduce  the  detection  range  of  a  missile  warhead  by 
a  factor  of  2  or  3,  so  that  target  detection  is  only  possible  at  the  moment 
the  warhead  enters  the  dense  layers  of  tho  atmosphere,  when  the  coatings 
mentioned  bum  up,  or  are  dropped  with  the  nose  cone. 

False  targets  ( "traps*1}  are  small  guided  missiles  launched  by  conventional 
bombers  beyond  tho  range  of  radar  detection.  They  form  pips  similar  to  those 
presented  by  real  targets  on  radar ' screens  so  can  draw  active  AA  defense 
equipment  evay  fr.jrn  the  real  targets.  The  missiles  can  be  fitted  with  corner 
reflectors  to  increase  their  effective  reflecting  surfaces.  These  missiles 
can  also  carry  equipment  far  creating  active  jamming  of  electronic  equipment 

11.17.  Instruction  of  Radar  Equipment 

The  means  for  destroying  radar  can  be  used  very  widely  and  this  is  in 
addition  to  jaoming'  the  radar  and  using  anti-radar  camouflage.  Radio  search, 
air  and  space  search,  military  scouts  and  agents  can  all  be  used  to  establish 
radar  coordinates. 
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radar  intai’n  short  ranges  at  the  front  line  can  be  destroyed  by  artillery 
and  mortar  fire.  Radar  installations  deep  in  the  rear  Can  be  destroyed  by 
air  strikes  and  missiles. 

Aircraft  use  special  homing  devices  to  get  at  the  radar  installations. 

Die  "air-ground"  missiles  used  to  destroy  radar  installations  have 
homing  guidance  beads. 

The  United  States  has  developed  a  special  tactical  missile  of  the  "air- 
ground"  class  known  as  the  "Shrike,"  designed  to  suppress  AA  radars.  The 
missile's  launching  range  is  fro*  50  to  75  km- 

The  missile  has  a  solid  fuel  engine  and  a  passive  guidance  system  that 
uses  radar  radiations. 

Ubitcd  States  Navy  and  United  States  Air  Force  aircraft  are  armed  with 
"Shrike"  missiles. 

11.18.  Methods  Used  to  Protect  Radar  Against  Jamming 

The 'capacity  of  a  radar  to  provide  dependable  detection  and  determination 
of  target  coordinates  (reception  of  signals)  despite  jamming  is  called  its 
antijamming  ability  (its  immunity  to  jauing) .  The  antijamming  ability  can 
be  characterised  by  the  ratio  of  signal  power  to  j arming  power  for  which  the 
probability  of  detection  and  the  accuracy  in  determination  of  target  coor¬ 
dinates  is  no  lower  than  nay  be  required.  It  is  obvious  that  the  smaller 
this  ratio,  the  greater  the  anti  jauing  ability. 

Antijamming  devices  are  not  all-purpose  devices  because  each  is  only 
effective  against  a  specific  type  of  jauing.  Hence  it  is  obvious  that  the 
same  radar  has  different  antijamming  ability  with  respect  to  different  types 
of  jauing  depending  on  the  protective  devices  used  in  the  radar. 

Organized  and  engineered  measures  comprise  the  protection  given  the 
radar  against  jauing. 

Organized  measures  include  operation  on  separated  frequencies,  covert 
operation  of  radar  equipment,  the  training  given  operators  in  working  through 
jauing,  and  the  like. 

All  engineered  measures  can  be  divided  into  two  groups. 

The  first  group  includes  methods  to  protect  against  jauing,  those  that 
prevent  the  jauing  from  arriving  at  the  receiver  input: 

spatial  selection  (narrowing  the  antenna  pattern,  reducing  side  lobe 
levels) ; 

polarization  selection  (based  on  the  difference  in  the  polarized 
structure  of  signals  and  jamming}  ; 

frequency  selection. 
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The  second  group  includes  Methods  «nd  circuitry  to  protect  AQ&iast  the 
jamming  entering  the  receiver  s 

those  a.imed  at  preventing  overloading  the  receiving  channel ; 

those  protection  circuits  based  on  the  differences  in  the  structure  of 
useful  signals  and  juning  (difference  in  carrier  frequency,  in  spectral 
composition,  in  phase,  amplitude,  width,  and  repetition  frequency  of  thw* 
pulses). 

.Among  the  engineered  measures  used  to  provide  protection  against  jamming 
ia  an  increase  in  the  radar’s  energy  potential. 

11.19*  Preventing  Overloading  of  the  Receiving  Channel 

Protecting  the  receiver  against  overloading  by  reflections  from  local 
subjects,  as  well  as  by  active  jamming,  means  increasing  the  receiver’s 
dynamic  range.  The  characteristics  of  some  of  the  methods  used  to  prevent 
overloading  the  receiving  channel  are  given  below. 

Expansion  of  the  dynamic  range  of  the  IF  amplifier  stages.  Receiver 
overloading  occurs  first  of  all  in  the  last  stages  of  the  IF  amplifier.  The 
dynamic  range  of  the  IF  muplifier  can  be  expanded  by  using  more  powerful 
tubes,  and  by  supplying  higner  plate  and  screen  voltages. 

The  gain  in  the  IF  amplifier  channel  can  be  reduced  and  that  in  its 
video  channel  can  be  increased  in  order  to  expand  the  dynamic  range.  This 
has  limited  possibilities  because  the  voltage  across  the  detector  input  has 
to  be  on  the  order  of  one  volt  in  order  to  ensure  a  linear  detection  mode. 

.  Instantaneous  automatic  gain  control.  Instantaneous  automatic  gain 
control  makes  it  possible  to  retain  a  fixed  gain  for  the  receiver  for  short- 
duration  useful  signals,  and  considerably  reduced  the  gain  in  the  case  of 
lengthy  high  amplitude  jamming.  The  operating  principle  of  instantaneous 
automatic  gain  control  is  as  follows.  When  high  amplitude  j arming  appears 
across  the  grid  of  the  regulated  stage  in  the  IF  amplifier  there  is  an 
addition*  shift,  AEg,  with  a  -epnitude  approximately  e*ual  to  the  i«»in8 
amplitude,  This  prevents  suppression  of  the  signal,  which  "sweeps'1 

over  the  linear  section  of  the  tube's  characteristic  curve  (fig.  11.31). 

Figure  11.32  shows  an  IF  amplifier  stage  that  ia  part  of  an  instantaneous 
automatic  gain  control  circuit.  The  voltage  fro.  the  IF  amplifier  stage 
(the  tube  T^)  is  fed  Into  the  detector.  The  rectified  voltage  of  negative 
polarity  is  fed  to  the  grid  of  -the  IF  amplifier  stage  tube  through  the 
cathode  follower  (tube  T^)  .  The  time  constant  for  the  instantaneous  automatic 
gain  control  filter,  primarily  established  by  the  KC  circuit,  is  selected 
several  tim  larger  than  the  signal  pulse  duration.  Delay  voltage  ia 
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fed  into  the  instantaneous  automatic  gain  control  detector,  otherwise  the 
detector  will  begin  to  function  on  weak  voltages*  Hie  magnitude  of  resis¬ 
tance  establishes  the  selection  of  the  operating  point  on  the  tube's 
characteristic  curve  in  the  original  condition. 


Figure  11 .31.  Strong  pulse  jamming  with  duration  t^  at  the  input  and 

output  of  a  stage  in  the  instantaneous  automatic  gain 

control  (t  is  the  instantaneous  automatic  gain  control 
op 

time  of  operation) . 

A  —  signal ;  B  —  remainder  of  janing;  C  —  u.  ;  D  *■ 


Figure  11. 32.  Amplifier  stage,  tube  T  ,  part  of  the  instantaneous 
automatic  gain  control  circuit.  A  -  to  grid  of  neat 
stage. 


A  differentiating  circuit  with  a  small  time  constant  is  sometimes 
inserted  between  the  detector  and  the  video  amplifier  in  order  to  suppress 
the  long  j saining  pulses  remaining  after  the  instantaneous  automatic  gain 
control. 
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Use  of  on  IP  8t»2«  with  a  linear  logarithmic  n—plitudg  response  curve, 

The  amplitude  response  curve  for  a  conventional  receiver  looks  like  the  one 

shown  in  Figure  11*33-  A  receiver  such  as  this  is  readily  overloaded,  that 

is,  after  the  input  voltage  has  reached  aoaa  value,  U.  a  further  increase 

in  v 

in  that  value  will  not  result  in  any  increase  in  the  output  voltage. 

If  the  receiver  is  to  function  normally  in  the  face  of  high  powered 
jteaing,  it  is  desirable  to  have  an  amplitude  response  curve  that  is  linear 
for  w«*k,  end  logarithmic  for  stronger,  signals  (fig*  .11*34)  * 


Figure  11*33*  Amplitude  response  curve  for  a  conventional  receiver* 

A  -  U  ^B-U.  ;C  -dO.  ;  D  -  “U. 

out'  m'  in  in  0 


Figure  11*34*  Line er-logar  ithaie  amplitude  response  curve* 

A  -  U  ;  B  -  logarithmic  section;  C  -  linear  section; 


D  - 

in  0 


E  -  U. 


in* 


A  curve  such  as  this  Can  be  obtained  by  the  use  of  feedback*  by  the 
delivery  of  negative  voltage  to  the  tube  with  variable  steepness*  by  shunting 
the  plate  loads  with  a  non-linear  component  (by  a  diode),  and  by  using  other 
methods. 

Automatic  time  gain  control*  In  order  to  avoid  overloading  the  receiver 
when  powerful  pulse*  fnm  the  oscillator  end  powerful  reflected  signals  from 
the  targets  close  to  the  radar  arrive  directly  across  the  receiver  input,  it 
is  necessary  to  block  the  receiver  during  the  time*  the  oscillator  is  trans¬ 
mitting  pulses,  and  to  cause  it  to  operate  at  reduced  gain  for  a  few  micro— 

« 

Mcoodj  after  each  pulse  has  teninstad.  Hiis  is  <Vm«  by  using  sn  automatic 
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tiae  gain  control*  Figure  11.35  i*  one  possible  autoutic  tiae  gain  control 
circuit.  Tube  i a  shut  down  by  the  voltage  from  source  E^  in  its  original 

condition.  When  the  main  pulse  is  radiated  the  tube  opens  up  and  condenser 
C  rapidly  charges  to  voltage  *  I^R^,  the  magnitude  of  which  can  be  adjusted 
by  resistance  R^.  When  the  pulse  is  over  tube  is  blocked  and  condenser  C 
discharges  through  resistances  R^  and  R^„  A  negative  voltage,  exponential 
in  sha«»c»  is  supplied  to  the  grid  of  one  or  two  IF  amplifier  stages  from 
condenser  C  through  the  eathode  follower  (tube  T2>.  Resistance  R^  ean  be 
used  to  change  the  rate  of  discharge  of  condenser  C,  and  can  be  used  to 
change  the  initial  voltage  across  the  capacitance.  Figure  11 .36  is  the  eurve 
for  the  change  in  the  regulating  voltage  in  the  automatic  time  gain  control 
circuit.  An  effort  can  be  made  to  attain  a  situation  such  that  the  receiver 
will  generally  be  blocked  for  some  period  of  time  after  the  main  pulse  has 
been  radiated. 


Figure  11*35.  Automatic  time  gain  control  circuit. 


Figure  11 *36*  Curve  for  change  in  regulation  voltage  across  the  output 
of  an  automatic  time  gain  control  circuit  for  different 
time  constants  for  the  discharge  of  condenser  C. 
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Rejection  filters,  used  to  separate  out  of  tile  receiver  pass  band  the 
section  of  frequencies  containing  the  jameing,  will  suppress  the  narrow  bend 
j sewing  (unmodulated  j seeing,  or  jaaeing  with  very  simple  types  of  andulation) . 
in  st sepia  of  a  circuit  with  a  rejection  filter  is  shown  as  Figure  11,37a 


Figure  11.37, 


Ur 


Rejection  filter  circuit  (1  ,  -  circuit  tuned  to  the 

intermediate  frequency;  Lf,  -  rejection  filter). 


Figure  11.38.  (a)  Noise  energy  spectrum  aensicv;  (b)  spectrum  for  e- 

clipped  video  pulse  train;  (cl  square  of  the  amplituda- 
frequency  response  curve  far  <  coeh  filter. 
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Figure  11.39.  Simplified  schematic  of  an  amplifier  with  an  amplitude— 
frequency  response  curve  close  to  the  corah  filter  curve. 
A  -  delay  line 


So-called  comb  filters  can  be  used  to  separate  a  pulse  signal  from  noise 

modulated  jamming.  Figure  11.38  presents  the  energy  spectrum  for  noise,  the 

spectrum  for  a  clipped  pulse  train  with  repetition  frequency  F  ,  and  the 

P 

square,  or  the  amplitude-frequency,  response  curve  tor  a  comb  filter.  As 

will  be  seen  from  that  figure,  the  corab  filter  separates  the  signal  spectrum 

components,  and  suppresses  Che  jasmine  spectrum  components. 

The  filter  should  pass  the  oasic  portion  ox  the  signal  spectrum  if  the 

result  is  to  be  an  undistorted  signal.  In  the  case  of  an  overall  filter  pass 

band  4f t  =  1/t  ,  and  of  an  elementary  band  for  passing  one  spectral  component , 
P 

A£  ,  the  increase  in  the  aignal/noise/voltage  ratio  will  be  approximately 
equal  to  if  where  n  is  the  total  number  of  signal  spectrum  components 

that  must  be  passed. 


A  feedback  amplifier  circuit  will  provide  an  amplitude-frequency  response 

curve  close  to  the  comb  filter  curve.  Figure  11.39  is  a  simplified  circuit 

of  an  amplifier  of  this  type.  The  load  on  tube  is  the  delay  line.  Delay 

time,  Td,  is  equal  to  the  pulse  sequence  period.  The  line  load  is  resistance 

f^load1  equal  to  the  line's  characteristic  impedance.  The  tube  stage 

amplifies  oscillations  U^,  tapped  from  the  line.  Load  -Z  in  its  plate  circuit 

can  be  resonant,  or  aperiodic  (depending  on  the  nature  of  the  amplified 

oscillations).  Die  feedbacK  voltaoe,  U  ,  is  fed  into  the  first  stage  input 

xo 

£ras  tube  T  output*  Resistance  H~  reoulates  the  Magnitude  of  the  feedback* 

3 

thm  output  voltage  is  picked  off  at  the  plate  of  tube  T^. 
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The  scab  filter  is  also  an  antijamming  device  for  use  against  ur.  Syn¬ 
chronised  pulse  jamming. 


Vc‘t/„ 


Figure  11.40.  Heptode  synchronous  detector  circuit. 


Figure  11.41.  Signal  and  noise  spectrums  at  input  (a)  and  output  (b) 
of  a  synchronous  detector. 

Phase  selection  is  based  on  separating  the  signal  from  the  noise  by 

using  its  teunei  phase,  as  distinguished  from  the  phase  of  the  noise.  Phase 

selection  circuit*  are  bused  on  the  use  of  the  synchronous  detection  method. 

Figure  11.4o  is  a  heptode  synchronous  detector  circuit. 

Xhe  summed  voltcge  of  signal  and  noise  at  frequencies  er  and  u>. 

8  J 

respectively  is  fed  to  the  aigoel  grid  of  tube  Voltage  from  the 

oscillator,  U  .  the  frequency  of  xhich  ia  equal  to  the  signal  frequency  and 
o 

is  rigidly  synchronized  -with  it,  is  fed  to  the  oscillator  grid.  The  result 
is  to  cause  the  synchronous  detector  for  signal  voltage  to  act  like  a  detector 
and  as  a  converter  for  the  jamming  voltage.  The  result-of  the  detection  is 
to  shift  the  signal  and  j n ruing  spectrums  by  the  magnitude  Cu^  (fig.  11.4l). 

A  low  frequency  filter  is  put  in  the  synchronous  detector  output  to  separate 
the  signal  and  suppress  the  jamming. 

Since  at  low  frequency  one  can  find  a  filter  with  quite  a  narrow  pass 
hand  and  very  steep  slopes  in  its  resonance  curve,  the  use  of  a  synchronous 
detector  makes  possible  quite  a  suppression  of  tbo  j aiming,  if  its  apectrua 
does  not  intersect  the  signal  spectrum. 

A  direct  signal  from  the  transmitter 'can  be  used  to  synchronize  the 
oscillator. 
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Synchronous  detection,  combined  with  compensation  circuits,  provides 
protection  against  organized  passive  j naming  «i .d  reflections  from  local 
objects. 

Hie  accumulation  method  is  based  on  the  use  of  the  property  of  periodicity 
of  the  signal  in  terms  of  time  to  distinguish  the  signal  from  the  jamaing. 

It  is  equivalent  to  using  the  comb  filter  method,  but  considered  from  the 
time  point  of  view.  Hie  engineering  is  quite  simple,  and  has  found  widespread 
use  in  radar.  Signals  reflected  from  a  target  are  a  clipped  periodic  train 
of  pulses.  There  is  no  regularity  in  the  case  of  noise  voltage,  which  is  a 
random  process. 


B  4$*r 

Figure  21.42.  A  possible  blocJc  schematic  for  accumulation  of  signals 
by  delay  lines  (adder  circuit). 

A  -  U.^;  B  -  (top  all  delay  line*  bottom  all  amplifier). 

Signal  order  selection' is  used  in  sccusulation  circuits.  Cue  such  block 
schematic  of  an  accumulator  is  shown  in  Figure  11.42.  It  consists  of  amplifiers, 
the  inputs  of  which  are  fed  with  voltages  free  the  delay  lines.  Each  line 
has  a  delay  equal  to  the  period  of  pulse  repetition,  T^.  All  amplifiers  have 
a  common  output,  across  which  the  summed  voltage  ia  picked  off.  This  circuit 
has  a  niaaber  of  accumulation  cycles  equal  to  the  cumber  of  delay  lines  Co  - 
1,  2,  3...).  The  signal  across  the  output  of  the  cst  amplifier  appears  with 
a  time  delay  of  nT^  relative  to  the  signal  fed  to  the  receiver  input  (n  -  0, 

1,  2,  3...  -  the  number  of  amplifiers). 

Let  us  suppose  a  signal,  together  with  the  noise,  is  fed  from  the 
receiver  output  to  the  accumulation  circuit.  At  the  moment  the  mu  pulse 
in  the  train  arrives  the  eccvnulaiion  circuit  sws  the  signal  and  noise  for 
m  periods  in  tbe  sequence.  At  the  same  time  the  signal  voltage  increases 
a  times,  and  the  noise  voltage,  because  of  its  random  nature,  only  increases 
by  the Vm.  The  signal/noise  ratio  increases  by  a  factor  of  m  in  power 
across  the  accumulator  output. 

Given  a  sufficiently  large  number  of  accumulation  cycles,  accumulation 
circuits  will  separate  very  weak  Bignals  out  of  a  background  of  strong 
jamming.  The  drawback  in  these  circuits  is  the  long  integration  time. 
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Used  &s  Accumlatora  in  radar  are  cathode  ray  tubes  with  persistence, 
with  charge  accumulation,  with  dark  recording,  integrators  o t  various  types, 
delay  lines,  as  well  as  the  lag  (memory)  in  the  operator's  vision. 


Figure  11.43.  Pulse  width  selection  circuit. 

A  -  delay  line. 

Spectral  analysis  ef  the  operation  of  accumulators  demonstrates  that 
their  amplitude-frequency  curve  hrtJ  the  shape  of  that  for  a  cocab  filter,  and 
the  greater  the  accumulation  cycles  for  the  accumulator  used,  the  closer 
its  frequency  curve  will  approach  the  ideal  comb  filter. 

Amplitude  and  pulse  width  selection.  Pulse  jamming  differs  from  useful 
signals  in  its  structure  and  frequency  spectrum.  Amplitude  and  pulse  width 
selection  is  used  to  cope  with  it.  The  difference  in  target  and  jamming 
pulse  widths  is  used  in  the  pulse  width  selection  circuit  (fig.  11.43).  The 
incoming  signal  with  is  fed  to  the  RC  differentiating  circuit  from  the 
output  of  the  video  amplifier  in  the  receiver  (tube  T^)  The  differentiated 
signal  is  fed  into  two  channels.  The  first  of  these  channels  consists  of 
the  cathode  follower  (tube  T^)  which  only  passes  positive  pulses,  delay  line 
for  a  time  delay  of  t .  equal  to  the  width  of  the  radiated  pulse,  and  the 

a  i 

coincidence  circuit  (tube  T^).  The  second  channel  consists  of  an  amplifier, 
tube  T^,  operating  in  the  grid-circuit  clipping  mode,  and  a  coincidence 
stage,  T^.  Positive  pulses  are  fed  to  both  grids  in  the  tube  in  the  coin¬ 
cidence  stage  at  the  moment  in  time  corresponding  to  the  end  of  the  pulse. 
Tube  is  triggered,  and  the  signal  is  picked  off  its  Plate  load.  The 
voltage  curves  for  this  case  are  shown  in  Figure  11.44a.  If  the  width  of 

the  input  signal  is  longer  than  the  delay  time  in  the  lino  (t  >  t  the 

z  a 

positive  pulses  are  not  fed  into  the  coincidence  stage  simultaneously.  Tube 
will  not  be  triggered  and  no  signal  will  appear  across  its  output.  The 
voltage  curves  for  this  case  are  shown  in  Figure  11.44b. 


RA-015-68 


4Gl 


1 

: 

i 

< 


t 


Figure  11,44.  Voltage  curvea  for  a  pulse  width  selection  circuit. 

a  -  -widths  of  received  and  radiated  pulses  equal;  b  - 
width  of  received  pulse  longer  than  that  of  radiated 
pulse.  . 

1  -  input  signal ;  2  -  signal  frou  differentiating 
circuit;  3  *  signal  across  control  grid  of  tube  in 
coincidence  stage;  4  -  signal  across  screen  grid  of 
tube. in  coincidence  stage;  5  -  signal  across  the  plate 
of  the  tube  is  the  coincidence  stage. 


Figure  11.45.  Amplitude  selector  circuit. 

A  possible  circuit  that  Can  be  used  as  an  amplitude  selector  is  shown 
in  Pigure  11.45.  The  incoming  positive  signal  is  fed  simultaneously  to  the 
control  grid  of  tube  in  the  coincidence  stage,  and  to  the  amplitude 
clipper,  T^.  If  the  jamming  signal  exceeds  the  level  of  clipping  of  the 
jmmiitude  selector,  fixed  by  resistance  R,  there  is  a  negative  pulse  fed  to 
the  screen  grid  is  the  tube  in  the  coincidence  stage  from  the  place  circuit 
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of  tube  T0.  Tube  is  not  triggered  by  the  incasing  pulse  and  there  is  no 
jaming  at  die  receiver  output*  The  useful  signal,  -which  does  not  exceed 
in  amplitude  the  clipping  level,  triggers  tube  and  posses  freely  to  the 
receiver  output. 


11*21.  Correlation  Reception 

The  correlation  method  of  separating  the  signal  from  the  noise  is  based 
on  the  use  of  the  properties  of  'the  correlation  function*  Let  a  sinusoidal 
signal  and  fluctuating  (noise)  jamming  be  acting  st  the  receiver  input 

u;„  (i)  =  as  (t)  -f  u„  [*)  =  Um  sin  (»,/  +  ?)+«'>,  (0- 


The  autocorrelation  function  of  the  input  process  is 

T 

K  (0  —  lim  -i-  f  (*)  +  «.(»))■  1  "s  ({  +  ')  + 

r-~  i 

+  «„(*  +  t)]  =  +  «.+  (')  +  Rf*  W. 


(11.36) 


where 

R  (t)  and  R  (t)  are  noise  and  signal  autocorrelation  functions; 

s  n 

R  (t)  and  R  (r)  are  the  mutual  correlation  functions  of  noiso  and 
BQ  ns 

signal* 


Since  signal  and  noise  are  independent  functions, 

Bm(t)  *  Rm<t)  *  <>• 


Xben 


R(t)  •  R  (t)  *  R  (t). 


The  autocorrelation  function  of  a  periodic  signal  is  periodic*  For  a  sinu¬ 


soidal  signal 


U* 

Rf(-)  =~^C(K  ■«. 


Hi.  autocorrelation  function  of  the  noise  ia  non-periodic,  and  diminishes 
with  increase  in  the  argument  r. 


Figure  11.46.  Correlation  functions: 

a  -  noise;  b  -  periodic  signal;  c  — 
and  noise* 


of  periodic  signal 
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Figure  11.46  depicts  the  correlation  functions  of  noise,  a  periodic  signal, 
and  the  sum  of  signal  and  noise. 

If  the  receiving  device  includes  a  correlator  (delay  circuit,  multiplier, 

integrator,  and  recorder)  the  periodic  component  will  be  separated  when  there 

is  a  aignal  across  the  output  of  the  corralator.  There  will  be  no  signal  if, 

by  virtue  of  an  increase  in  T ,  the  values  of  the  correlation  function  tend  to 

a  constant  (if  there  is  no  constant  noise  component,  to  zero). 

Figure  11.47  is  the  block  schematic  of  a  correlation  receiver.  Two  trains 

of  short  pulses,  shifted  with  respect  to  each  other  by  a  circuit  with  a  variable 

delay  in  time  T,  are  fed  from  the  pulse  generator  to  the  selecting  device.  The 

pulse  repetition  period,  1  ,  is  selected  as  the  integration  interval.  The 
P 

selecting  devise  separates  a  pairs  of  discrete  values  for  the  input  process 
a^,  b^,  for  each  value  of  T.  The  pairs  of  discretes  are  divided  by  time 
interval  f  (fig.  11.46) .  The  number  n  fixes  the  observation  time,  since 


The  approximate  value  of  the  correlation  function  obtained  across  the  correlator 
output  is  .  1  vi  . 

1=1 


Figure  11.47.  Block  schematic  of  a  correlation  receiver. 

a  -  multiplier  circuit;  b  -  integrator;  c  -  input  filter; 
d  -  selector;  e  -  delay  circuit;  f  -  pulse  generator. 
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Figure  11.48.  Separation  of  discrete  values  from  the  envelope  Of  the 
input  process- 
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Theoretically,  correlation  reception  permits  detection  of  signala 
regardless  of  the  signal/noise  ratio,  hut  a  long  observation  time  is  required 
to  do  so  (n  •). 

When  si gnal/noise  ratios  at  the  receiver  input  are  aaoll,  a  long  correla¬ 
tion  interval  t  is  needed  in  order  to  separate  R^(t)  .  But  the  correlation 

interval  cannot  he  taken  as  longer  than  the  pulse  width.  T  ,  in  the  case  of 

*  P 

pulse  radar*  because 

R  (t)  -  0  when  T  >  T  . 

*  P 

Consequently ,  ve  use  the  correlation  reception  method  in  radar  with  con¬ 
tinuous  radiation  and  in  pulse  radars  with  long  pulse  widths.  The  literature 
on  ihe  sub j.*ot  notes  that  the  use  of  a  correlation  receiver  in  centimeter 
hand  radar,  in  which  pulse  widths  are  1  to  2  microseconds,  presents  known 
difficulties. 

11*22.  Other  Ant ij  mining  Methods 

Shift  in  Radar  Working  Frequencies 

Shifting  the  operation  of  a  radar  to  another  wavelength  is  an  effective 
sethod  of  getting  away  from  active  jamming ,  the  spectrum  of  which  falls  in  the 
receiver 1  s  band,  or  Intersects  it.  However,  this  method  runs  into  extras*  ve 
technical  difficulties,  resulting  from  the  fact  that  in  the  centimeter  wave 
hands  there  are  no  magnetrons  and  klystrons  that  will  function  dependably 
over  a  broad  band  of  frequencies.  Replaceable  oscillators,  and  high  frequency 
heads  for  receivers,  are  used  to  increase  band  width. 

Retuning  is  adequate  over  a  sufficiently  broad  band  of  frequencies  in 
the  decimeter  and  meter  bands. 

Continuous  chahge  in  radar  working  frequencies 

An  effective  method  for  protecting  against  sctivo  jamming  is  continuously 
changing  the  w>riing  frequency  of  the  radar  in  accordance  with  some  law.  A 
"sliding”  working  frequency  makes  it  very  difficult  to  detect  the  operation 
of  a  radar  and  to  analyze  the  signal  radiated  by  the  radar,  and  thus  generate 
the  active  jamming  to  hamper  the  radar's  operation. 

Receivers  with  changing  tuning  usually  have  quick-acting  automatic 
frequency  control  systems* 

Coding  a  radar  signal 

Radar  signal  coding  It  sometimes  used  to  make  it  difficult  to  generate 
active  jamming.  The  number,  of  pulses,  and  the  time  intervals  between  lom, 
can  be  changed  automatically  during  operation,  thus  making  it  evmi  mom 
difficult  to  jam. 
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The  drawback  in  coding  a  radar  signal  is  that  the  range  resolution  of 
the  radar  is  reduced* 

The  pulse  compression  method 
Radar  range  depends  on  the  pulse  energy 


P  t  , 

S>  P 


where 


?  is  the  pulse  power. 

P 

Consequently,  the  long  pulse  radiation  mode  can  greatly  improve  the 
radar’s  immunity  to  jamning.  But  at  the  same  time  the  pulse  frequency  must 
he  modulated  in  accordance,  with  a  predetermined  lav  in  order  to  obtain  good 
range  resolution.  The  incoming  signal  is  compressed  by  an  optimum  filter* 

At  the  same  tine  the  pulse  energy  can  be  retained  and  thus  lead  to  an  increase 
in  signal  power  at  the  filter  output  and  to  an  increase  in  resolution. 

Chapter  X  renewed  the  pul  ee— frequency  method  of  radar  operation  in 
detail. 


11.2?.  Coping  with  Mutual  Jamming 

Acting  on  the  radar  in  addition  to  organized  j amming  is  the  interference 
crested  by  neighboring  radars,  or  other  equipment  operating  in  the  same  band. 

If  such  interference  is  to  be  avoided,  working  frequencies  must,  in  so 
far  as  this  is  possible,  be  separated,  positions  must  be  properly  selected, 
and  the  working  sectors  for  the  individual  radars  established.  Particular 
attention  is  given  to  the  locations  of  radars  operating  on  the  same  wave¬ 
length.  These  radars  must  be  set  up  at  definite  distances  from  each  other 
and  working  sectors  assigned  such  that  the  transmitting  antenna  of  one  is 
not  aimed  into  the  receiving  antenna  of  a  nearby  radar. 

Pulse  width  acid  amplitude  selection  circuits,  as  well  as  radar  retuning 
to  another  working  frequency,  can  be  used  to  cope  with  mutual  interference. 

It  ^sirsble  to  change  the  repetition  frequency  to  cope  with  syn¬ 
chronous  interference  caused  by  nearby  radars  with  the  same  pulse  repetition 
frequencies,  or  a  repetition  frequencies,  or  a  repetition  frequency  elose 
to  that  used  by  the  radar  near  by. 


RA-015-68 


466 


Chapter  XII 

ALtomtion  of  the  Catherine  and  Processing  of  lUdtf  Inf ormat ion 
12.1 .  Fundamental  Concepts 

Gathering  and  processing  of  radar  information  i«  the  process  of  obtaining 
possible  evidence  of  targets  located  in  the  range  of  vision  of  a  radar  station* 

The  physical  basis  for  obtaining  this  evidence  is  the  radar  station 
signals,  including  the  following; 

signals  from  the  output  of  the  radio  receiver; 

triggering  pulse  from  the  radar  station  transmitter  which  determines 
the  beginning  of  the  time  delay  count  of  the  reflected  eignal; 

signals  characterizing  the  spatial  position  of  the  radar  station  antesmaa 
(signals  of  the  izisith  and  elevation  sensors  of  the  antenna  system)* 

An  indication  is  obtained  from  processing  the  radar  information*  This 
indication  is  a  eet  of  all  possible  information  about  the  target:  coordinates, 
height,  velocity,  bearing,  location  time*  In  addition,  s  series  of  other 
characteristics  may  be  included  in  the  indication,  such  as  nationality,  number 
of  targets,  importance,  type,  authenticity,  etc*  Cta  plan  position  indicators, 
the  indication  is  an  illuminated  point  which  carries  information  on  the  pre-  ' 
sence  of  a  target  and  its  coordinates*  In  automatic  gathering  and  processing, 
ths  indication  may  be  represented  by  the  amount  of  voltage,  current,  or  rota¬ 
tion  angle  of  a  sclsyn,  and,  in  units  based  on  computer  technology,  it  is 
represented  in  binary  numbers*  In  this  case,  the  iudication  may  include 
manifold  information* 

Signals  which  carry  the  information  required  for  the  observer  (operator) 
are  called  useful  signals.  All  those  sources  which  distort  the  useful  signals 
and  disturb  the  target  information  are  interference*  They  include  noise  in 
the  receiving  channel  and  various  artificial  active  and  passive  interferences* 
Furthermore,  automatic  information  processing  can  jroducs  other  interference 
factors,  such  as  errors  in  measuring  coordinates,  reductions  in  the  trans¬ 
mission  channels,  disturbances  in  the  function  of  specific  elements  of  ths 
processing  system,  etc.  As  a  rule,  all  useful  signals  are  accompanied  by 
interference ,  so  that  the  problem  of  separating  useful  signal  from  inter¬ 
ference  must  be  dealt  with  in  ths  processing  stags.  The  deleterious  effect 
of  interference  cannot  be  completely  eliminated,  so  that  the  results  of 
processing  always  contain  errors* 

Information  processing  may  be  semiautomatic,  where  the  human  operator 
takes  part  and  carries  out  certain  functions,  or  completely  automatic,  where 


RA-Q15-CS 


467 


■11  funcxicna  irt  carried  out  vitbout  human  participation. 

Radar  ixforutioo  prccesoing  i»  divided  into  three  •  at  aces  i  primary 
processing,  secondary,  and  tertiary* 

12.2.  Receiver  Output  Signal 

In  the  general  ease,  the  signal  u(t)  at  the  output  of  the  receiver  ia  a 
mixture  of  useful  signal  U^(t)  and  interference  U^(t) .  The  mixture  may  he 
represented  by  the  sum 

u<t)  •  u  (t)  ♦  u. (t). 


Interference  makes  the  output  signal  become  essentially  random,  and 
therefore  it  can  only  he  described  statistically.  When  the  useful  signal  does 
not  fluctuate  and  interference  conforms  to  the  normal  lav,  distribution  of 
the  amplitude  of  the  sum  "signal  a  interference"  at  the  output  of  the  receiver 
channel  nay  be  described  by  the  generalized  Rayleigh  lav,  whose  distribution 
density  takes  the  form  2  2 

-  X  ay 

»  2  iQ(vx) ,  (12.1) 


o(t) 

where  X  m  ■  — —  ■■ 

u(t)  1 


!c<«) 


v  .(x) 

Ml 


i M  the  normalized  output  signal; 
ia  the  signal  at  the  receiver  output; 
ia  nean  square  roise; 
is  the  aignal/noiae  ratio; 

is  a  Modified  Beasel  functioa  of  the  first  kind,  zero  order 
on  the  argument  rx. 


Ihe  exproeioo  fear  the  probability  density  of  pure  noise  w.(x)  is  found 
froa  formula  (12.1)  if  ▼  ■  0  (i«e. ,  there  is  no  useful  signal  present)  s 


w.M 

x  , 


(12*2) 


Graphs  of  the  function  v^Cx)  for  various  signal/noise  ratios  (including 
v  ■  0)  and  the  Bessel,  function  I^(vx)  are  shown  in  Fig.  12.1  and  12.2*  It 
is  evident  that  the  distributions  of  tbe  amplitudes  of  pure  noise  and  the 
total  differ  sore*  the  greater  -the  signal/noise  ratio. 


Uft) 


Figure  12.1.  Graphs  of  probability  density  of  generalized  Rayleigh  IcM 
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for  amplitudes  of  the  sum  "signal  ♦  noise".  Probability 
density  for  pure  noise  corresponds  to  the  curve  v  *>  O. 


Figure  12.2. 


Graph  of  the  nodified  Baa ssel  faction  of  the  first  kind, 
zero  order. 


12.3  Primary  Processing  of  Seder  Information 

Primary  processing  is  the  first  step  in  receiving  target  information. 

At  this  stage,  the  following  functions  are  fulfilled t 

detecting  the  useful  signal  and  deciding  on  the  presence  or  absence 
of  a  target  in  the  observed  region; 

neaeuring  the  target  coordinates; 

converting  the  received  information  into  a  form  suitable  lor-  further 
processing  and  traosmitting.it  along  the  co—rm  1  catiOP  Channels;  this  process 
is  called  coding. 

The  input  signals  involved  in  the  primary  processing  operation  are:  the 
signal  from  the  receiver  channel  output  (in  particular  freo  the  detected), 
triggering  pulse  for  the  radar,  and  signals  from  the  angular  coordinate 
sensors.  Primary  processing  is  accomplished  in  one  or  several  successive  rang* 
scans;  in  principle,  this  is  sufficient  to  detect  and  measure  the  target 
coordinates.  Vith  regard  td  plan  position  indicators,  primary  processing 
may  be  taken  to  mean  rs.’ocessing  during  one  scan. 

12.4.  Principles  of  Automatic  Target  Detection 

Devices  for  automatic  target  detection  belong  to  a  class,  of  decision 
devices  which,  ms  a  result  of  processing  the  signal  from  the  receiver  channel, 
decide  "target**  or  "no  target".  When  the  sum  "signal  ♦  noise"  is  observed 
at  the  output  of  the  receiver  channel,  the  decision  should  be  "target";  in 
the  case  of  pure  noise,  the  solution  should  be  "no  target”.  Thus,  the 
device  should  be  capable  of  distinguishing  -pure  noise  from  noise  +  signal. 
However,  because  of  the  random  nature  of  these  two  sifpials,  both  noise  +  signal 
and  noise  may  talce  on  various  values  (sea  Fig.  12.1).  But  on  the  average. 
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amplitudes  of  the  sun  noise  +  signal  will  be  higher  than  the  average  value  of 
noise,  so  that  in  tha  statistical  sense  there  will  be  a,  definite  difference 
between  them* 

One.  of  the  variations  9 f  the  procedure  for  producing  a  decision  consists 
* 

of  the  following.  In  the  region  of  the  signal  x(t)  observed  at  the  receiver 
output,  a  certain  threshold  (limit)  x^  (Fig.  12.3)  is  established.  All 
signals  exceeding  tha  threshold  xQ  ere  considered  noise  *  signal,  the  device 
signals  "target.'"  Signals  whose  amplitudes  are  lower  than  the  x^  level  are 
considered  noise,  and  the  device  signals  ?no  target";  i.*.,  if  x(t)«tx0,  then 
"target";  if  x(t)<x^,  that  "no  target". 


Figure  12.3.  Detection  ox  a  useful  signal  by  establishing  a  threshold  XQ. 

Hi,*  functional  di*****am  of  a  suitable  resolving  device  and  oscillograaw 
of  the  input  signal  x(t)  and  toe  resolution  signal  at  the  output  circuit  are 
shown  in  Fig.  12.4. 


Figure  12.4.  Functional  diagram  of  a  resolving  device  for  detecting  a 

target  (a)  and  oscillograms  of  the  input  end  output  signals 
(b). 

1  -  Resolution  device*  2  -  Receiver  input  signal;  3_ 
Limiter;  4  -  .Resolution  signal;  5  —  ”XES"  at  x(t]  >  X.; 

6  -  "NO"  at  x(t)  <  x^;  7-  Threshold  xQ;  8  _  Resolver 
input  signal*  9  -  Resolution  signal  at  the  output;  10  - 
"TE3".;  11  .  "NO". 
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A  diode  limiter  (Fig.  12.5}  1 ujr  be  used  as  o  resolver.  The  required 
limiting  level  (threshold)  xQ  is  established  by  potentiometer  sod  the 
resolution  signs!  is  taken  fros  resistor 


Figure  12. 5.  Diode  limiter  circuit 

12.5  Detection  Errors 

Noise  is  a  random  process;  thus  some  spikes  o f  noise  signal  may  be  so 
large  as  to  exceed  the  limiting  level,  and  the  device  will  signal  'target" 
when  there  actually  is  no  target.  Such  an  erroneous  signal  is  called  a 
"false  alarm",  and  the  probability  of  a  false  alarm  is  qualitatively  desig¬ 
nated  P,  . 
fa 

A  similar  error  may  be  observed  for  the  sum  "signal  ♦  noise"  when 
fluctuations  and  noise  combine  to  make  the  sum  signal  so  small  that  It  falls 
below  the  xQ  level,  and  despite  the  actual  presence  of  a  target,  the  resolver 
will  show  "no  target".  Ibis  type  of  error  is  called  target  omission,  and  the 
probability  of  target  .omission  is  designated  P^. 

The  probabilities  of  erroneous  resolutions  may  be  calculated  using  the 
equations  for  probability  density  (12.1)  or  its  graph.  Figure  12.6  shows 
the  graph  of  the  probability  density  for  noise  and  for  the  mao  with  V  -  3 
with  range  scan  oscillograms  st  the  same  r  -  3.  The  dotted  line  shows  the 
chosen  threshold  xQ.  The  probability  of  false  alarm,  i.e. ,  the  probability 
that  noise  will  exceed  the  lusting  level  xQ  is  calculated  from 

OP 

Pf  -  jv^CxJdx  (12.3) 

*0 

Graphic  Ally  eppeero  as  the  aree  under  the  curve  or  noise  probability 

density  (v  **  O) ,  shifted  to  the  right  frost  xQ. 

The  probability  of  osiwian 

0 

Pto  "  j'rsi(l,<lx 

O 


<12.4) 


Figure  12.6.  Graph  of  probability  density  for  noias  and  tor  the  sun  at 
v  ■  3  with  oscillograms  of "range  sweep.  The  regions  for 
calculating  probabilities  of  correct  and  erroneous  reso¬ 
lutions  are  shown  on  the  graph. 


This  is  the  probability  that  the  sub  signal  will  not  exceed  the  Xq 

level.  On  the  graph,  P.  represents  the  area  under  the  curve  w  .  (x)  in  the 
to  SI 

interval  between  0  and  XQ- 

Correct  resolution  is  estimated  es  the  probability  Of  correct  detection 

P  .  and  the  probability  of  correct  noodetection  P  . 

Cd  cn 


These  probabilities  are  given  by 


cd 


i  •  P  S  J*  w  .(x)dx, 

to  J  fll  . 


to  **  sx 

% 


P  **  1  -  P,  =  fw.  (x)dx. 
cn  fa  i  1 


(12-5) 

(12.6) 


12.6  The  Concept  of  Optimum  Limiting  Level  and  Criteria  for  Determining 


Pp*i 


Turning  to.  Fig.  12.6,  it  is  evident  that  the  probability  of  a  false 
alarm  decreases  with  an  increase  in  the  limiting  level  (shifting  the  dotted 
lino  to  the  right),  but  along  with  this,  the  probability  of  detection  decreases, 
which  is  of  course  undesirable.  If  the  limiting  level  xQ  is  decreased,  the 
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probability  of  detection  increases,  but  the  probability  ef  false  alarm*  also 
increases,  which  is  also  undesirable.  Thus  there  are  contradictions  which  nay 
be  resolved  by  choosing  an  optimal  limiting  level  x^^ . 

To  find  the  optimum,  the  criteria  of  an  optima  must  be  understood,  that 
is,  the  measure  used  to  determine  the  best  or  worst  limiting  level.  Criteria 
from  mathematical  statistics  aro  used  for  this  purpose  and  for  a  large  class 
ef  optimization  problems.  In  the  theory  of  signal  detection,  the  most  commonly 
used  are  the  following. 

Weight  criterion.  Here  it  is  assumed  that  the  device  will  be  the  better 
the  greater  the  difference  between  the  probability  of  detection  and  the  pro¬ 
bability  of  a  false  alarm,  taking  into  account  its  importance  (weight)  in  the 
resolution.  Thus,  of  all  possible  devices  with  different  thresholds  the  one 
is  chosen  for  which  the  difference  baa  its  maxima: 

P  .  -  IP,  -max  <12.7) 

ed  fa 

where  t  is  a  weight  coefficient.  It  is  chosen  on  the  basis  of  the  undesirability 
or  danger  of  false  alarms. 

Wewmaan-Pearson  criterion.  This  criterion  requires  that  the  allowable 
level  ef  the  probability  of  ftlse  alarm  .  be  desipuzed.  Then  the 

device  will  be  considered  best  which  will  give  the  maximum  probability  of 
correct  detection  under  the  condition  that  the  probability  of  false  alarms 
will  not  exceed  the  allowable  amount: 

*cd  -  —  Pfa<  Pfa  all  (12‘8> 

The  allowable  level  of  false  alarms  Is  set,  as  in  the  proceeding  case, 
on  the  basis  of  the  importance  and  undesirability  of  false  alarms. 

Ideal  observer  criterion.  This  criterion  is  feasible  if  information 
on  the  presence  or  absence  ef  a  target  in  the  scan  area  covered  by  the  radar 
is  known  or  can  be  obtained  in  some  way  up  to  the  beginning  of  detection. 

Such  information  is  expressed  by  the  apriori  probability  ef  the  presence  of 
a  target  p  and  tbe  apriori  probability  of  the  absence  of  a  target  q  •  1-p. 

Then  the  probability  of  accepting  an  erroneous  resolution  on  the  presence. 
a  target  is  expressed  by  the  product  qP^,  and  the  probability  of  another 
erroneous  resolution  (target  ooissien)  will  be  equal  to  pi*  •  According  to 
the  given  criterion,  tbe  best  detector  will  be  the  one  'which  gives  a  minimum 
sum  of  the  probabilities  of  erroneous  resolutions: 

qPfe  *  J^to  “  ““  (12-9) 

Minimum  average  risk  criterion  (Davos  criterion).  Here  not  only  the  a 

priori  probabilities,  but  also  the  '’payment  for  risk"  (cost  of  an  erroneous 

resolution)  must  be  known.  If  the  ’’payment"  for  false  alarm  is  designated 

C  «nd  the  'boat"  of  omission  is  designated  C  ,  than  in  generating  a  large 
fa  to 
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maker  of  detection  operations!  the  "payment”  for  false  alarm  on  the  average 

will  be  equal  to  C  qP  .  and  payment  for  omisSioa  will  be  C.  pP  .  Of 
fa'  fa  •  to  to 

course!  the  best  detection  system  will  be  that  which  requires  the  least 
overage  payment  fcr  these  and  other  errors,  i.e. 


C,  qp.»  +  C.  pP. 
fa  fo  to  to 


(12.10) 


The  meaning  of  payment  for  risk  is  a  difficult  factor  and  sbould  be 
considered  a  statement  of  bow  dangerous  or  undesirable  s  particular  error  is. 

The  criterion  of  minimum  average  risk  is  the  most  comm,  and  all  pre¬ 
ceding  criteria  may  be  found  as  particular  cases  of  it. 

Probability  ratio  criterion.  The  probability  ratio  is  defined  as  the 
value  w^(x)/V.(x) ,  which  is  the  ratio  of  the  probability  densities  of  one 
and  the  sane  signal  x  under  the  condition  that  it  i*  created  by  a  noise  * 
signal  atm  or  only  by  noise.  The  probability  ratio  criterion  is  a  corollary 
of  the  preceding  criteria  and  baa  the  fallowing  expressions: 

,t*> 


(12.11) 


(12.12) 


(12.13) 


These  ratios  are  found  from  Eqs.  12.7,  12-9 1  12.10,  if  probabilities  froa 
Eqs.  12.3 1  12.4,  and  12.5  are  substituted  into  them  and  the  conditions  of 
maxi— is  or  minimum  are  feend. 

All  these  criteria  are  Used  for  analyzing  information  processing  at 
various  stages  (primary,  secondary,  and  tertiary).  The  moat  convenient  crite¬ 
ria  for  practical  calculations  are  the  Newaann-Pearson  and  weight  criteria. 


12.7.  Finding  the  Optimum  Limiting  Level  (Threshold) 

To  find  the  optisnsa  limiting  level  x  (or  U  )  it  is  necessary  to 

opt  opt 

chose  *  criterion  and  use  it  to  find  a  natheuatical  expression  suitable  for 

calculating  the  value  of  x  _  <.  As  an  exanple  we  shall  use  the  weight  cri- 
opt 

ter  ion  (12-7)  and  its  corollary  (12.11).  If,  in  place  of  w  ^(x)  and 
we  substitute  their  values  froa  (12.1,  12.2)  and  perfona  the  siaplest  con¬ 
version,  we  obtain  ^ 

.I0(«)3  iev  /2.  (12.14) 

If  the  equals  sign  is  put  into  this  expression,  we  obtain  an  equation 
for  the  value  of  x  which  is  the  threshold  required  for  resolution.  Considering 
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that  the  inequality  (12.14)  was  found  from  the  conditions  for  optima  opera¬ 
tion.  we  obtain  a  mathematical  expression  for  finding  the  optimum  limiting 


Ifevel  (threshold)  x 


opt 


I  (vs  ) 
0  opt 


To  calculate 


opt 


le  (12.15) 

it  is  necessary  to  have  the  signal/noise  ratio  v  and 


the  importance  of  false  alarms  I,  at  which  the  detector  will  operate.  After 


obtaining  these,  the  value  of 


is  calculated  and  the  product  vx  .  is 

opt 


determined  graphically  (Pig.  12.2)  or  from  tables,  from  which  the  threshold 
is  found. 


opt 


To  establish  the  determined  optimum  threshold  in  the  resolver  circuit 


shown  in  Fig.  12.5,  the  noise  level  must  be  measured.  Afterwards,  we  find 
that  ■  ^ixopt-  This  voltage  is  the  optimum  limiting  level.  Zt  is  set 
on  potwntioamzer  R^. 


12.8.  Binary-Quantized  Signals  (BSQ) 

The  essence  of  binary  quantization  consists  of  the  following:  A  signal 
u(t)  from  the  receiver  output  (from  the  detector)  is  applied  to  the  threshold 
device.  At  the  moment  that  the  signal  exceeds  the  established  threshold  uQ, 
a  standard  poise  ("one")  is  generated,  whose  length,  amplitude,  sad  shape  are 
identical  each  time  (Fig.  12.7). 


Figure  12.7.  The  principle  of  binary  quantization  of  signals. 


Thus  with  binary  quantization,  resolution  is  a  function  of  2  where  2  can 


be  0  or  1: 


(  O:  “no  target" 
1  1:  “target". 


into 


As  a  result  of  binary  quantization,  the  resolution  signal  is  transformed 
digital  form,  which  makes  it  possible  to  carry  oat  subsequent  information 


processing  on  a  digital  computer. 
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The  effect  of  interference  in  binary  quantization  nay  result  in  false  ones 
("false  alarms")  or  false  nulls  ("target  omission").  Therefore,  the  thres¬ 
hold  UQ  is  established  on  the  principles  of  optimum  operation,  as  explained 
in  the  proceeding  section. 

A  blocking  oscillator  with  delay  (Pig.  12.8)  may  be  used  as  the  quantizing 
element,  where  the  delay  in  established  in  regard  to  the  required  threshold  with 
the  variable  resistor  R^.  The  blocking  oscillator  must  hare  a  short  rise  tine. 


Figure  12.8.  A  blocking  oscillator  quantizer  schematic.  Quantizing 
level  is  controlled  by 

12.9.  Optimum  Algorithm  for  Detecting  Sequences  of  Binary  Quantized  Signals 

As  a  rule,  radar  stations  operate  in  such  a  way  that ,  in  tha  procesa  of 
scanning  a  space,  each  target  is  illuminated  several  times;  thus  the  signal 
from  the  target  is  not  one  reflected  pulse,  but  a  s-quence  of  pulses.  Detec¬ 
tion  of  the  target  with  a  sequence  of  pulses  gives  better  results,  since  a ' 
much  larger  quantity  of  information  is  used  for  resolution  than  in  the  case 
of  a  single  signal.  Repeated  appearance  of  a- pulse  in  the  same  scan  region 
essentially  increases  the  probability  that  there  is  a  target.  Furthermore, 
the  probability  that  a  false  pulse  will  occur  in  the  same  piece  each  time' 
is  small,  the  smaller  the  greater  the  length  of  this  sequence. 

Sequences  of  quantized  signals  are  an  azimuthal  sequence  of  standard 
pulses,  and  in  digital  form  they  are  an  azimuthal  sequence  of  nulls  and 
ones  (Fig.  12.9).  D«  value  is  called  the  width  of  the  sequence:  it  is 
equal  to  the  number  of  positions  occupied  by  one  signal,  assuming  no  noise. 
The  width  of  the  sequence  changes  considerably,  depending  on  the  power  of  the 

received  signal  and  the  threshold  U  . 

0 
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Figure  12.9-  Radar  signal:  a)  sequence  ot  nonquaatixod  signal*;  b) 
sequence  of  binary  quantised  signals;  c)  sequence  in 
dioital  fora 


An  algoritha  for  optima,  detection  of  a  sequence  of  binary  quantized 


signals  is  glean  by 


<12.16) 


Were  C  and  on  are  coefficients; 

j  *  1)  21  3—Jtf  is  the  nailer  of  positions  in  the  sequence. 

Detection  with- the  given  sl.joritha  is  <Joro  by  counting  the  total  of  one 
signal  in  the  sequence,  where  each  j»  unit  is  Multiplied  by  its  coefficient 
®j°  Further,  the  total  is  compared  with  the  coefficient  C,  and,  if  the  sun 
is  greeter  than  or  equal  to  C,  the  decision  is  given  a*  "target", 
the  coefficients  are  calculated  free  the  equations: 


a. 

3 


...  w*-v 

1,1  pTi-p.J  1 


si' 


C  m  lnY 


where  V  is  a  coefficient  detcralned  by  the  chosen  criterion  opticas  detec¬ 
tion;  for  example,  for  the  weigh-;  criterion,  y  -  1; 

p#i  J-  is  '*»•  probebility  of  a  true  one  signal  sTwiesrinq  at  the  jft  posi¬ 
tion;  it  is  calculated  froa  Bq.  12. 5,  talcing  into  account  tea  fact  that  at 
each  position  in  the  sequence  there  is  a  unique  signal/noise  rsi.o; 

p  i*  *he  probability  that  a  false  one  signal  appears;  it  is  calculated 
froa  Eq.  12.3. 


12.10.  Detection  by  the  *Tc  of  »B  Method 

In  sany  cases  the  whole  sequence  is  not  used  for  rmolotion.  but  only  a 
part  of  ■  positions,  suen  cost  a  trig.  12.101.  Xn  this  case,  a-  <v  a  ■ 
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const  Bay  be  considered  valid  on  these  s  positions,  end  Eq.  12.16  takes  the 
fora  " 

(12.17) 

where  k  i s  a  whole  maber  coefficient  equal,  to  C/a,  rounded  off  to  a  whole 
maker. 


t\Qtua:  u  i  a  n  too  t 


Figure  12.10.  m  positions  are  taken  free  the  sequence  of  length  N 

B 

Equation  12.17  in  an  algorithm  of  optimum  detection  by  the  "k  of  m"  method. 
Detection  by  the  "k  of  m"  method  amounts  to  calculating  the  number  of  one  sig¬ 
nal*  at  a  adjacent  positions,  and  if  the  number  of  ones  is  larger  than  a 
certain  set  number  k  (or  even  equal  to  k)  ,  the  device  signals  "target". 


Figure  12.11.  Functional  diagram  of  a  detector  on  the  k  of  a  logarithm. 

Here  is  the  receiver  output  signal,  observed  on  a  fixed 
part  of  the  range. 

1  Quantizer;  2  —  DL;  3  ‘  threshold  device;  4  -  resolution; 
3  -  setting  for  "k"- 

The  algorithm  is  quite  simply  executed.  A  possible  functional  schematic 
of  a  resolution  device  for  a=3  is  shown  in  Fig.  12.11.  From  the  quantizer, 
"zero"  or  "one"  signals  enter  the  delay  lines  DL,  each  of  -which  delays  the 
signals  by  an  mount  equal  to  the  pulse  repetition  rate  of  the  radar  station 
Subsequently  the  signals  are  suaaned  on  resistor  R,  and  the  resulting 
voltage  is  applied  to  the  threshold  device.  The  threshold  is  established  by 
a  regulator  at  such  a  value  that,  when  k  or  more  pulses  ("ones”)  are  applied 
to  tbs  resistor  simultaneously  the  device  operates  and  signals  "target". 
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12.11 •  Probability  gT  Detection  and  False  Alam  in  the  of  a*  Method 

Hie  probability  or  detecting  a  target  by  the  "k  of  ■**  aethod  in  girm 
by  the  fonula 

p  ^(k'  ■)  -H  cV.d-p  l-"1 

Cd  “  ■  si  SI 

x«k 


wh«r»  C  ■ 


■■  f  . —  is  tho  number  of  conbinations  of  m  element  a  X  at  a  tine: 


P^.is  the  probability  of  a  one  appearing  initially. 

The  probability  of  a  false  alarm  in  the  "k  of  m"  method  is  equal  to 
a 

Pra(k-  ->  -X 

i*k 

where  is  the  probability  sf  a  false  one  appearing. 

Tho  probability  of  a  false  alarm  is  reduced  by  the  "k  of  mn  method. 


12.12.  Automatic  Reading  and  Coding  of  Range 

Range  is  proportional  to  the  delay  time  of  the  signal  reflected  from  the 
target  relative  ts  the  triggering  pulse;  therefsre,  measuring  range  amounts  to 
measuring  delay  time  t^. 

Figure  12.12  illustrates  a  variation  of  a  functional  schematic  fsr  mea¬ 
suring  range.  It  includes  a  time  pulse  generator  (TPG),  time  pulse  counter 
with  n  trays  and  a  switch  with  the  same  number  of  elements.  The  circuit  is 
triggered  by  a  pulse  from. the  radar  station,  which  fires  the  pulse  generator 
and  sets  the  counter  at  0.  Time  pulses  from  the  generator  are  applied  to  the 
first  element  of  the  counter.  Consequently,  the  counter  forms  a  biliary  number, 
proportional  to  the  time  calculated  relative  to  the. triggering  pulse.  Each 
element  of  the  counter  is  connected  through  the  switch,  to  a  memory  device  Of 
the  information  processing  computer.  Range  is  read  at  the  moment  a  "target" 
pulse  arrives  from  the  detectsr.  This  pulse  opens  the  switch,  and  the  binary 
znmbar,  proportional  to  range,  located  at  that  moment  sn  the  counter,  is 


Figure  12*12*  Variation  sf  a  functional  circuit  for  automatic  range  • 
Dt. 
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1  “IPGs  2  “  time  pulses;  J  “  TPG  trigger  and  0  setting; 
4-  triggering  pulse;  5  “  ixilse  counter;  6-  switch;  7 ” 
froa  detector;  8“  ,?TARGEX,T  pulse;  9  “  range  code  to 
memory. 


The  following  factors  Xffect  the  accuracy  of  range  aeasurecjent : 

frequency  of  the  pulse  generator  F^;  in  the  circuit  of  Fig-  12-12, 


*a*isme  range  error  is 


ARM  150 


to  increase  accuracy  frequency  oust  he  increased; 

frequency  stability  of  the  pul  at  generator;  any  instability  leads  to 
a  change  in  the  proportionality  established  for  the  automatic  equipment  between 
the  counter  code  number  and  range;  to  decrease  errors  of  this  type,  the  gene¬ 
rator  should  be  highly  stable; 

fluctuations  in  the  "target"  pulse  along  the  time  axis;  the  moment  the 
quantizer  which  produces  the  "target"  pulse  fires  depends  on  the  slope  of  the 
leading  edge  of  the  reflected  signal  and  the  noise  level  distorting  the  leading 
edge;  mean  square  error  of  range  measurements  associated  with  this  factor  may¬ 
be  calculated  by- 

CTgCiaJ  =  1?0  V/Vf [.MHzJ 

where  v  is  the  signal/noise  ratio; 

if  is  the  spectral  width  of  the  reflected  signal. 


12.13.  Automatic  Reading  and  Coding  of  Azimuth 

Measuring  azimuth  of  a  target  by-  a  plan  position  indicator  radar  facility 
amounts  to  measuring  the  angle  of  rotation  of  the  antenna  at  the  moment  when 
the  center  of  the  sequence  is  fixed.  In  this  case,  the  azimuth  of  the  center 
of  the  sequence  should  coincide  with  the  geometric  axis  of  the  antenna* 
Accurately  determining  the  center  of  the  sequence  is  a  complex  problem,  since 
interference  distorts  the  sequence,  and  its  boundaries  become  indefinite, 
thus  producing  errors  in  azimuth  measurements. 

Several  procedures  for  measuring  azimuth  have  been  published. 

Measuring  azimuth  from  the  beginning  of  the  sequence.  The  azimuth  of  the 
beginning  of  the  sequence  is  fixed,  and  the  angle  equal  to  half  the  width 
of  the  directional  pattern  of  the  antenna  is  added: 

-  B  =  6  - 

P  Pb-  2  1 

where  qjQ  ^  is  the  width,  of  the  directional  pattern,  assuxaed  to  be  coiuti^-,  . 

This  method  is  the  simplest  to  put  into  practice,  since  it  r**juiras  a 

ry  volute  to  store  the  constant  9^  However,  ise&sureaent  errors 
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are  quite  large  and  are  comprised  of  errors  in  calculating  3fe  and  errors 
arising  from  assuming  the  sequence  width  to  be  constant.,*  although  in  reality 
it  varies* 

Measuring  azimuth  from  the  beginning  of  the  sequence  talcing  its  width  into 
coos  iderat  ion  *  This  method  eliminates  error  due  to  assuming  9^  ^  constant. 

The  azimuth  of  the  beginning  of  the  sequence  3^  in  measured  and  the  width  of 
the  sequence  N  ia  calculated*  Azimuth  is  computed  by 

3nA 

3  V 


where  is  the  antenna  rpm; 

F_  is  the  repetition  rate  of  the  triggering  pulses. 

The  additional  calculation  of  the  width  of  the  sequence  results  in  certain 
complexities  in  the  computer. 

Measuring  azimuth  hy  the  beginning  and  end  of  the  sequence*  In  this  case 
azimuth  is  calculated  as  one  half  the  sum  of  the  azimuth  of  the  beginning  3^ 


and  «od  3  of  the  sequence 


This  method  entails  fewer  errors  in  comparison  with  the  first  method. '  but 
it  is  complex  to  carry  out,  since  it  requires  additional  memory  space  for 
storing  azimuth  0^  in  the  calculating  process* 

Figure  12*13  shows  a  possible  variation  of  a  circuit  for  automatic  reading 
and  coding  of  azimuth  for  the  first  method.  It  consists  of  three  parts:  an 
^y.Stmi-eh  pulse  aensor,  azimuth  counter,  and  switches*  Two  magnetic  discs, 
rigidly  fastened  to  the  axis  of  tbe  antenna,  joay  be  used  as  a  sensor.  Notches 
(calibration  lines)  are  placed  around  the  edge  of  disc  A,  evenly  spaced*  Mag¬ 
netic  tips  are  placed  above  the  surface  in  line  with  the  notches*  When  the 
antenna  and  disc  rotate,  pulses. are  generated  in  the  magnetic  tipa  by  the 
notches  in  the  discs;  these  pulses  are  subsequently  amplified  and  sent  to  the 
azimuth  counter  as  azimuth  markers  (pulses).  Thus  *  binary  number,  propor¬ 
tional  to  azimuth  of  tbe  antenna,  /i s  formed  on  the  counter. 

Sensor  disc  B  has  ooly  one  calibration  line.  It  is  oriented  on  the 
antenna  axis  so  that  at  the  moment  when  the  antenna  passes  through  an  azimuth 
equal  to  zero,  the  disc  is  located  under  the  magnetic  tip  and  generates  an 
"azimuth  o"  pulse*  This  pulse  is  necessary  to  set  the  azimuth  counter  to 
”0"  and  to  calculate  azimuth  from  the  null  position  of  the  antenna* 

The  binary  number  is  applied  to  tbe  switches  that  are  opened  by  tbe 
"beginning  of  sequence”  pulse  coming  from  the  detector*  The  "beginning  of 
sequence"  pulse  cooing  from  tbe  detector*  The  “beginning  of  sequence”  signal 
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Figure  12*13*  Operating  principle  of  an  automatic  azimuth  reading  and 
coding  device  (variant) 

1  “  Antenna  axis;  2  “  "0"  pulse  amplifier;  3  -  magnetic 
tip;  4  -  B;  5  -  azimuth  sensor  dines;  6  -  azimuth  sensor 
dines;  6  -  azimuth  pulse  amplifier;  7-“  azimuth  sensor; 

8  -  azimuth  counter;  9  -  switches;  10  -  "Beginning  of 
sequence:  pulse  from  detector;  II  -  binary  masher,  pro¬ 
portional  to  *T,  ninth  . 

may  be  formed  by  a  logic  circuit  "k  of  m".  At  the  moment  when  tbe  switches 
open,  the  azimuth  code  number  is  taken  from  the  counter  and  transferred  to 
the  computer  memory  for  processing. 

The  accuracy  of  the  azimuth  reading  depends  primarily  on  two  factors. 

It  depends  on  the  number  of  calibration  lines  on  disc  A,  For  increased 
accuracy,  the  number  of  calibration  lines  perunit  length  of  the  circunference 
may  be  increased.  Accuracy  also  depends  oa  the  precision  with  which  the 
beginning  of  the  sequence  is  determined  by  the  detector  circuit*  Random 
appearance  and  disappearance  of  pulses  oa  the  edges  of  the  sequence  due  to 
interference  has  the  result  that  the  "k  of  m"  logic  circuit  cannot  detect 
precisely  the  beginning  of  the  sequence.  Therefore  the  switches  will  open 
prematurely  or  too  late,  causing  azimuth  to  be  read  with  random  errors. 

12.14.  Secondary  Information  Processing 

Information  obtained  during  primary  processing  is  not  freed  from  the 
effects  of  interference  which  may  cause  the  primary  processing  facility  to 
give  false  data  on  the  target  or  to  lose  data.  Furthermore,  interference 
causes  errors  in  measuring  coordinates. 

Secondary  information  processing  is  the  following  stage  of  obtaining 
information  on  the  target,  end  it  is  designed  to  eliminate  false  data, 
restore  filtered  data  from  the  target  and  decrease  errors  in  measuring 
coordinates.  In  addition,  other  functions  may  be  fulfilled,  associated 
with  calculating  the  velocity  and  course  of  the  target. 

These  functions  may  be  accomplished  with  the  results  of  several  scans 
by  the  radar  station:  thus  secondary  information  processing  may  be  con¬ 
sidered  to  be  the  processing  of  information  during  several  scans. 

12.15.  Principles  of  Secondary  Processing 

The  regularities  of  positioning  false  indications  and  indications  from 
a  target  in  each  succeeding  scan  by  a  radar  station  ore  completely  different. 
False  indications  appear  with  no  relation  to  each  other  from  scan  to  scan; 
therefore  they  are  ahowd  as  random  spikes  of  noise.  Indications  from  a 
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target  are  poaiticoed  by  the  nechanics  of  the  notion  of  the  target  in  space; 
consequently  there  is  a  correlation  between  the  indications  of  a  preceding  and 
succeeding  scans.  Actually,  it  can  be  seen  from , a  suitable  picture  of  the 
indicator  screen,  that  indications  froa  a  target  are  spread  out  "along  the  trace 
of  the  target  notion,  while  false  indications  occur  chaotically  at  various 
places  on  the  screen. 

This  difference  in  the  regularities  of  the  positions  is  at  the  basis  of 
secondary  processing. 

Secondary  processing  operates  as  follows.  Assume  that  the  observer  locates 
three  indications  from  one  target  during  three  seals.  Figure  12.14  illustrates 
these  indications,  numbered  according  to  the  scan  numbers  N,  K-l,  N-2.  Some 
indications  show  up  in  the  following  N+l  scan,  and  the  problem  is  to  determine 


Figure  12.14.  Secondary  information  processing. 

1  ~  Preceding  scan  indications;  2-  New  scan  indications; 

3-  Extrapolated  indications. 

First,  the  point  at  which  tbe  future  N-*i  indication  is  -expected  to  appear 
is  calculated.  To  do  this,  a*  trace  is  laid  out  in  the  best  possible  way  along 
the  three  preceding  indications,  velocity  is  calculated,  and  the  probable  posi¬ 
tion  of  the  future  indication  is  determined.  It  is  designated  (N+l)ft  on  the 
figure.  This  step  is  called  extrapolating  (forecasting),  and  the  calculated 
indication  is  the  extrapolated  point. 

Secondly,  the  positions  of  all  indications  in  the  new  scan  are  analyzed 
relative  to  the  extrapolated  indication,  and  the  signal  from  the  target  is 
chosen  from  them.  This  step  is  called  comparison.  The  choice  is  based  on 
comparing  the  probability  that  the  indication  belongs  to  the  trace.  That 
indication  which  has  the  greatest  probability  is  considered  to  be  the  indi¬ 
cation  from  the  target.  For  the  case  shown  in  Fig.  12.14,  it  is  feasible  to 
consider  that  indication  to  be  from  the  target  which  is  located  close  to  the 
extrapolated  indication,  because  the  probability  of  its  belonging  to  the 
trace  is  greatest  in  comparison  with  the  others. 
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12.16.  Model  of  the-.  Motion  of  th«  Target 

For  the  extrapolating  step,  the  regularities  of  the  motion  of  the  target 
must  be  known. 

In  general,  the  trajectory  of  a  target  is  a  complex  and  often  random 
function,  exceptionally  difficult  to  describe.  Therefore  in  many  cases  a 
simplified  model  of  target  motion  is  used  in  practice,  most  frequently  a 
rectilinear,  uniform  model.  It  is  always  used  when  the  whole  trajectory  is 
not  observed,  but  only  a  small  portion  of  it,  which  is  sufficiently  accurately 
described  by  the  -equation  of  a  straight  line. 

In  other  c ssem  it  is  assumed  that  the  target  may  maneuver.  Then  in  the 
limited  observation  interval,  the  trajectory  of  the  maneuvering  target  is 
represented  by  a  second  order  polynomial. 

Algorithms  of  the  extrapolation  step  determine  the  choice  of  the  model 
for  target  motion.  The  calculations  are  simplest  for  rectilinear  uniform 
motion. 


12.17*  Extrapolation  of  Indications 

The  essence  of  extrapolation  is  predicting  from  the  previously  obtained 
data  the  coordinates  of  the  next  indication.  This  problem  is  complex  because 
the  data  used  for  extrapolation  contain  errors;  consequently  the  results  of 
extrapolation  also  contain  errors,  and  in  many  cases  have  more  errors  than  the 
original  data. 

From  many  methods  of  Calculating  extrapolated  data,  the  two  most  widely 
used  may  be  pointed  out. 

Extrapolation  on  parameters.  This  method  requires  that  the  parameters 
of  the  trajectory,  such  as  the  component  velocity  vectors  and  V  ,  be  found. 
If  extrapolation  is  carried  to  one  scan  forward,  the  a  component  of  velocity 
is  approximately  equal  to 


Wi 


XN 


where  N  is  the  number  of  tlje  scan; 
is  the  scan  period. 

The  coordinates  of  the  extrapolated  X  indication  are  calculated  from 

s«=^*v5 

The  Y  coordinate  is  calculated  analogously. 

Extrapolating  on  two  indications  gives  more  errors  because  of  errors  in 
calculating  velocity.  Therefore  velocity  is  refined  i averaged)  in  each  suc¬ 
ceeding  scan  by  the  forrnul  * 


V  -V 
N  N-l 


N-l 


N-l 
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'“here  VN-1  ia  average  velocity  during  the  proceeding  scans  without  the 
Na  indication; 

VN  is  average  velocity  including  the  Nn  indication. 

This  nethcd  gives  good  results  if  the  target  is  wring  rectilineexlv  and 
regularly. 

Extrapolation  on  several  indications.  The  algorithm  of  this  net  hod  can 

be  used  for  nan  curering  targets  also.  Generally 

n 

,Xe  -Ej  11^,  (12.18) 

where  □  is  the  number  of  indications  (scans)  used  for  extrapolation;  the 
indication  of  the  preceding  scan  is  gieen  the  index  n-1 ; 

1)^  is  the  weight  coefficient  of  the  in  indication. 

For  extrapolating  on  three  indications  for  a  noomaneuvering  target  one 
scan  forward 

Xe-fXL+K-7V 

For  a  nannnrering  target 

*«  ■  »,  -  3^  -  V 

The  Y  coordinate  is  calculated  analogously. 

This  type  of  algorithm  is  quite  simply  realized  in  a  digital  computer, 
but  it  requires  a  large  memory  if  the  xraaber  of  indications  n  used  for 
processing  is  increased. 

12.18.  Extrapolation  Errors 

The  following  factors  affect  extrapolation  errors: 

errors  in  measurement;  the  greater  the  error  in  measuring  coordinates, 
the  worse  the  prediction;  these  errors  are  directly  proportional; 

the  nurber  of  indications  n  used  for  processing;  increasing  the  number 
of  indications  reduces  the  prediction  error ,  and  with  a  very  large  number  of 
indications,  it  msy  become  lower  than  measurement  error  (Fig.  12.15);  however, 
it  requires  an  excessively  large  computer  memory ; 

the  prediction  interval  T;  the  farther  into  the  future  the  indications 
are  extrapolated,  the  sharper  the  rise  in  error  (Fig.  12.16);  this  effect  is 
most  severely  pronounced  in  the  case  of  a  maneuvering  target. 

12.19.  Smoothing 


Smoothing  is  a  special  case  of  extrapolation  where  the  extrapolation 
interval  is  equal  to  zero.  It  in  used  when  the  coordinates  of  the  indication 
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Figure  12.15*  Relationship  of  extropolat  ion  error*  to  niaber  of  indica¬ 
tions  n  used  for  extrapolation  J  a-  for  a  nonmaneuvering 
target;  b-  far  a  maneuvering  target 


Figure  12.16.  Relationship  of  extrapolation  errors  to  extrapolation 
interval  a-  for  a  nonmaneuvering  target;  b—  for  a 
maneuvering  target 

most  he  known  more  accurately.  Equation  12.18  is  used  for  smoothing,  and 
formulas  for  calculating  hare  the  form: 

.for  a  hoomaaeuvering  target  using  three  indications  ’ 

+ix2-iv 

for  «  Maneuvering  -target  using  Tour  indications 

x.  -|*i  *J3C2*tVTo  V 


12.20.  Comparison 

The  results  of  comparing  extrapolated  indications  with  newly  received  data 
tells  which  indication*  belong  to  the  trace.  This  problem  is  solved  with  a 
strobe,  which  is  defined  as  an  area  constructed  around  the  extrapolated  point 
in  which  an  indication  from  the  target  may  be  expected  to  appear  (Fig.  12.17). 
The  method  is  based  an  the  following  logic: 

if  the  indication  falls  inside  the  strobe,  then  it  is  considered  to  be 
an  indication  from  the  target;  ail  remaining  signal*  are  assumed  false  or  not 
belonging  to  the  trace; 
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if  no  indications  lul  within  the  strobe,  the  extrapolated  {Mint  ia 
accepted  as  the  aignal  from  the  target;  if  no  indications  fall  within  the  strobe 
HTval  tines  in  a  row,  the  target  is  considered  to  be  lost  or  the  trace  waa 
false ; 

if  several  indications  fall  within  the  atrobe,  the  point  lying  Closest 
to  the  extrapolated  point  ia  considered  to  originate  from  the  target. 


figure  12.17.  Comparison  with  a  strobe. 

Qmosing  the  sire  of  the  atrobe  is  a  contradictory  problem.  In  the 
interest  of  raising  che  probability  that  an  indication  frees  the  target  will 
fall  within  the  strobe,  its  diaenaioos  should  be  increased,  but  this  increase 
the  probability  that  false  signals  will  occur  within  the  strobe,  thus  asking 
a  aaaller  atrobe  mere  desirable.  The  contradictions  are  solved  by  choosing 
the  Optiaua  atrobe  diaensions  by  using  the  optiatn  criteria  (see  12.6.  "Dw 
concept  of  optiaua  limiting  level  and  criteria  for  determining  optima"). 

For  the  case  of  a  normal  distribution  of  measurement  errors  and  equally 
accurate  measurements  (where  ■  o^)  the  dimens  ions  of  a  rectangular  strobe 

are  determined  by:  _ 

-ax  -  dr  05  2.5?  In'  Y?CT2  -  1.8, 

where  Y  ia  *  coefficient  determined  by  the  choice  of  the  optima  criterion; 

5  i *  the  density  of  false  indication*;  it  is  Measured  by  the  amber  of 
indications  per  unit  area  during  one  seen; 
a  in  the  scattering  of  the  indication*  relative  to  the  extrapolated 
indication;  calculated  by 

-,/S  2 

cr  *»Yctb  + 

where  is  the  extrepoletioc  error; 

is  the  error  in  Measuring'  coordinates. 


12*21.  Capture  of  Signals  for  Processing 

Capture  is  the  first  nosent  of  secondary  processings  It  suer  be  «si- 
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figure  12,18,*  Diagram  of  the  process  involved  in  target  capture  for 
processing. 

1  -  first  scan  signal  and  strobe;  2  -  second  scan  signal; 

3  -  extrapolated  signal  and  strobe  after  second  scan; 

4  -  third  scan  signal. 
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automatic  or  automatic.  In  the  first  case,  the  operator  introduces  several 
signals  from  the  same  target  which  he  has  chosen  into  the  secondary  processing 
machine,  and  he  sends  the  command  that  initiates  secondary  processing  of  this 
group  of  signals. 

In  the  second  cane,  the  process  of  automatic  capture  is  initiated  by  the 
appearance  of  the  first  signal  (Pig.  12.16).  A  large  strobe  is  constructed 
around  it.  When  a  signal  cf  the  second  scan  falls  inside  the  strobe,  an 
extrapolated  point  and  a  small  strobe  are  calculated  from  it  and  from  the  first 
signal.  If  a  signal  from  the  third  scan  falls  inside  this  strobe,  capture  may 
be  considered  to  have  taken  place,  and  secondary  processing  is  carried  out  in 
the  usual  order.  If  no  signals  occur  inside  the  strobes,  the  beginning  of  the 
trace  is  considered  to  be  false  and  processing  is  terminated.  The  possibility 
exists  that  the  computer  repeatedly  captures  false  signals  and  that  the  trace 
they  represent  is  false.  Usually,  a  false  trace  breaks  off  quite  rapidly. 

12.22*  Tertiary  Information  Processing 

Tertiary  processing  is  analysis  of  information  from  several  radar  stations. 
The  purpose  of  tertiary  analysis  to  collect  information  from  several  stations 
and  to  combine  it,  forming  a  general  picture  of  the  aerial  situation. 

Since  the  scanning  tones  of  the  radar  stations  often  overlap,  the  same 
target  may  show  up  on  the 'displays  of  several  stations.  In  the  ideal  case, 
these  indications  should  coincide.  .  In  practice  however,  they  do  not  coincide 
because  of  systematic  and  random,  errors  in  measuring  the  coordinates  of  the 
targets  and  because  of  different  location  times*  For  these  reasons,  comple¬ 
xities  arise  in  combining  the  information,,  where  it  must  be  decided  which 
target  is  the  real  one*  Of  course,  the  indications  may  not  coincide  not  only 
because  of  the  errors  mentioned  above,  but  also  because  there  are  several 
targets  creating  these  indications. 

This  problem  is  the  major  one*  in  tertiary  analysis*  The  following 
functions  must  be  accomplished  to  solve  it: 

collect  the  data  from  the  radar  stations; 

i  *  # 

reduce  the  indications  to  one  system  of  coordinates  and  to  a  single 
reference  time; 

identify  the  indications  to  establish  their  relationship  to  the  target; 
average  the  coordinates  of  several  identified  indications  to  obtain  one 
indication  with  more  accurate  coordinates. 

These  functions  are  accomplished  using  all  components  of  the  indications*, 
coordinates,  height,  velocity,  location  time,  number  of  targets,  relationship 
to  the  trace,  etc. 

In  practice,  tertiary  analysis  devices  require' special  computers. 
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Tertiary  analysis  is  the  concluding  step  in  obtaining  information  on  the  aerial 
situation. 


12.23.  Collecting  Messages  about  the  Target 


Signals  sent  from  a  radar  station  through  the  communication  channel  for 
further  analysis  and  processing  are  usually  called  target  messages.  Collecting 
messages  includes  accepting  the  greatest  possible  amount  of  data  with  minimum 
loases .  Losses  occur  because  the  analyser  cannot  collect  all  the  data  supplied 
to  it,  and  part  of  the  data  is  unused. 

The  theory  of  mass  accommodation  is  used  to  appraise  possible  data  col¬ 
lection  devices.  The  basic  characteristic  of  a  collector  is  its  relative 
throughout  p,  calculated  aa  the  ratio  of  the  average  number  of  processed 
messages  to  the  average  number  of  messages  applied  to  the  collector  input  s 

P 


Messages  are  usually  transmitted  in  code,  such  as  a  binary  number.  In 
this  case,  the  message  consists  of  several  groups  of  digits  (Fig.  12.19)  which 
assume  a  certain  meaning.  Such  a  group  of  digits  is  called  a  "word".  The 
message  includes  supplementary  symbols,  determining  the  beginning  and  end  of 
each  message.  The  number  of  digits  required  to  form  the  message  is  called  the 
length  of  the  message  U  It  is  easy  to  find  the  minimum  transmission  time 
fox-  a  messaga,  if  the  transmission  time  Of  one  digit  t^  is  known: 
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Figure  12.19.  Code  message  (variation):'  a-  meaning  of  a  word;  b- 
digital  representation  of  a  vorfej  c  —  digit  code* 

1  -  Supplementary  aynbol  j  2  -  target  No* ;  3  -  coordinates ; 
4-  target  characteristic ;  5-  location  time;  6-  supple¬ 
mentary  symbol. 

There  may  be  pauses  of  length  T  between  messages.  In  some  data  trans- 

P 

■itting  systems,  the  pauses  are  of  constant  length,  in  other  systems,  the 
pauses  may  be  of  random  length.  In  these  systems,  the  average  message  trans¬ 
mission  speed  is  equal  to 

*  Tfoocj^—  rear 

■  P 
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'Where  is  the  overage  length  of  random  pauses. 

Messages  entering  the  information  processing  computer  through  several 
channels  form  a  stream  of  messages  at  its  input  with  a  density  of 

6  =  n^V^Cmessages/ioini- 
where  n^_  is  the  number  of  channels, 

the  flow  is  called  stationary  if  its  density  remains  constant  with  tine. 

Each  incoming  message  should  be  subject  to  preliminary  processing: 

decoding,  correction,  and  entering  in  the  computer  memory,  these  operations 

require  a  certain  tune  T  in  which  the  machine  is  occupied.  When  the  density 
o 

of  the  message  flow  is  sufficiently  great,  the  machine  cannot  carry  out  preli¬ 
minary  processing,  and  some  messages  are  lost. 

Collecting  systems  may  be  of  the  following  types. 

Collecting  systems  with  rejections  in  which,  when  the  machine  is  occupied 
at  the  moment  another  message  arrives,  the  message  receives  a  "rejection”  and 
leaves  the  processing. 

Collecting  system  with  limited  hold.  In  such  a  system,  the  entering 
message  is  held  in  its  turn  a  certain  time  T^  if  the  machine  is  occupied.  If 
in  this  time  the  message  is  not  accepted  for  processing,-  it  receives  a  "rejec¬ 
tion"  and  in  lost.  Systems  with  hold  capability  have  fewer  losses  than  systems 
with  rejections.  Figure  12,20  shows  the  block  diagram  of  a  collecting  systec 
with  hold,  3he  message  enters  the  hold  register  through  the  receiver,  where 
it  is  stored  a  time  X^,  After  finishing  the  previous  information  processing, 
the  computer  replies  ready  to  the  inquiry  of  the  holding  register.  The  interro¬ 
gation  device  interrogates  the  holding  registers  in  turn.  If  a  register  holds  & 
message,  it  is  collected  into  the  computer  and  processed,  after  which  the  cycle 
repeats  itself  again. 


Fisur#  12,20*  Variation  of  a  block  diagram  for  a*  message  collecting 
system  with  hold. 
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1—  Message  eode;  2  -  receiver;  3  -No.  1  bold  register} 

4  -receiver;  5  -No.  2.  bold  register;  6-  receiver;  7-. 

No.  n  hold  register;  9-  ready*  signal  to  interrogation; 

8  —  Computer;  10-  interrogator  lor  hold  registers. 

Vhen  hold  time  T^  is  ouch  less  than  busy  time  1^,  the  collecting  system 
m«y  he  considered  to  be  a  system  with  rejection. 

For  delay  systems,  the  relative  throughput  may  be  calculated  from 

P  "  TT^T* 

o 

The  equation  is  valid  vhen  the  message  flow  is  considered  stationery  and 
messages  arrive  independently  in  a  random  fashion.  This  is  e ailed  the  simplest 
flow. 

12.24.  Reducing  Indications  to  a  Single  System  of  Coordinates  and  to  a  Single 
Reference  Time 

Vhen  indications  enter  the  computer  with  coordinates  measured  relative  to 
points  of  the  radar  station  standing,  they  must  be  referred  to  a  single  system 
of  coordinates. 

A  geodesic  system  (latitude,  longitude,  height  above  sea  level)  may  be 
used  as  the  single  set  of  coordinates.  Curvature  of  the  earth's  surface  must 
be  completely  taken  into  account ;  however,  calculations  with  such  a  system  are 
complicated,  and  therefore  they  are  used  when  the  radar  stations  are  separated 
by  large  distances  and  errors  due  to  curvature  of  the  earth  cannot  be  tolerated. 

Vhen  distances  between  radar  stations  are  small,  a  rectangular  system  of 
coordinates  with  correction  in  height  is  usually  used.  Calculations  in  this 
system  are  relatively  simple,  and  errors  from  substituting  a  plane  surface  far 
a  sphere  may  be  completely  acceptable  for  solving  many  tactieal  and  operative 
problems. 

The  algorithm  for  converting  in  this  system  of  coordinates  is  illustrated 
in  Fig.  12.21  and  represented  by  the  formulas : 

X = JIcos  ‘  sin  («  +  ?)  +  A*; 

K=>7cos<cosCl‘f;  ?)  +  ^*5 

ff=  S.  sin*  -i- 

where  X,  X,  and  H  are  target  coordinate*  in  a  single  system  of  coordinates; 

X*  and  T*  are  coordinates  of  the  standing  point  of  the  radar  station 

relative  to  the  point  of  tertiary  information  processing; 

R,  p,  and  £  are  target  coordinates  in  the  polar  system  of  coordinates 
.of  the  radar  station  (slant  range,  aziotith,  elevation); 

R^  ia  the  equivalent  radius  of  the  earth; 

a  is  the  angle  of  approach  of  the  meridians  to  the  width  of 

the  processing  point;*. it  is  considered  positive,  if  the  point  of  the  radar 
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station  standing  is  to  the  left  of  the  axis,  and  negative  if  the  point  of  the 
radar  station  standing  is  to  the  right  of  this  axis- 


figure  12. 21.  Conversion  of  coordinates. 

The  readings  are  converted  to  a  conmon  tine  when  the  indications  have 
different  location  tines.  This  is  necessary  to  determine  the  position  of  the 
processed  indications  at  a  certain  moment  in  time.  Similar  conversion  sim¬ 
plifies  identification  of  the  indications. 

As  an  example  we  shall  examine  two  indications  A  and  B  with  different 
location  times  t  and  t^,  which  arrive  for  processing  (Fig.  12.22).  It  is 
quite  possible  that  these  indications  are  from  the  sane  target  taken  at  dif¬ 
ferent  times.  To  confirm  this  statement,  we  must  calculate  their  position  at 
the  sane  moment.  If  after  this,  they  are  quite .close  to  each  other,  it  is 
quite  possible  that  they  refer  to  the  same  target. 


Figure  12.22.  Seduction  of  two  indications  to  a  single  time' when 

t  >  t  . 
b  a 

Seduction  to  a  common  time  is  done  as  follows: 

Assume  a  time  t,  to  Which  the  indications  are  to  be  referred.  Further 
find  the  difference  in  time  for  each  i»  indication 
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At. 

1 


t  -  t... 
i  • 


Then  extrapolate  the  indications  to  time  At.,  computing  sections  of  the  path 

AS^  to  which  each  indication  must  be  shifted  along  its  trace: 

AS.  -  V .At .  • 
x  11 

If  At.  is  negative,  the  indication  is  shifted  in  a  direction  opposite  to 
the  direction  of  motion  of  the  target.  For  this  example  (Fig#  12.22)  the  time 
t=t^  is  chosen  as  the  common  time.  Assume  that  indication  B  has  a  later  loca¬ 
tion  time,  i*e*,  The  difference  At^  is  then  negative,  and  indication 

B  is  shifted  in  a  direction  opposite  to  the  target  notion  by  an  amount  AS  « 
V^At^.  As  a  result,  we  obtain  the  mutual  positions  of  the  indications  at  tine 

tat  . 

a 

After  reducing  to  a  single  system  of  coordinates  and  a  single  time,  the 
indications  can  be  analysed  for  identification* 


12*25*  Identif ication  of  Indications 

In  the  identification  process  a  decision  is  produced  which  <*stablishess 
how  many  targets  there  actually  are,  if  the  indications  come  from 
several  radar  stations; 

how  the  indications  are  located  as  to  targets* 

Identification  is  usually  accomplished  in  two  steps: 

Step  I:  comparison,  as'  a  result  of  which  a  first  approximation  identifi¬ 
cation  (rough  identification)  is  obtained; 

Step  II:  distribution,  permitting  a  more  precise  solution  among  roughly 
identified  indications. 

Comparison.  The  basis  of  this  step  is  that  indications  from  the  same 
target  should  be  identical  in  all  components  (coordinates,  height,  velocity, 
etc.).  Therefore,  deciding  whether  one  indication  is  related  to  the  other 
may  be  based  on  compering  the  components  of  the  indications.  If  comparison 
shows  a  decided  coincidence  of  all  corresponding  components,  it  can  be  assumed 
that  the  indications  are  identical,  i. «*• ,  that  they  refer  to  the  a«ne  target* 
However  in  practice,  3ue  to  errors  in  measuring  and  converting  to  a  single 
system  of  coordinates  and  a  single  time,  there  is  no  complete  coincidence  in 
the  indications,  in  spite  of  the  fact  that  they  come  from  the  same  target* 
Consequently,  an  uncertainty  exists,  and  two  competing  hypotheses  arise: 

hypothesis  that  noncoincidence  arose  from  errors  in  the 

indications  although  they  come  from  the  same  target; 

hypothesis  assumes  that  noncoincidence  arose  because  the  indications 
are  from  different  targets* 

Choice  of  the  correct  hypothesis  is  based  on  evaluating  the  amount  of 
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xuaeoiaeidtace*  Hi«  differences  in  *11  components  must  bo  established: 


Xt/—X„=a  &X; 

r,j-Y„~w7 

•  •  -  •  *5c. 


vhere  i  and  r  are  the  numbers  of  the  radar  statioui  relaying  indications; 
j  end  z  ere  the  number  of  the  indications* 

Subsequently  the  allowable  deviation  in  all  components  is  established 

Vi  “[“ii,  wa!,  ■ 

Thm  decision  rests  on  the  following  logic:  il  even' one  of  the  component* 
AX,  AY,  AH  exceeds  its  allowable  value,  the  indications  are  considered  to  be 
from  different  targets.  Otherwise  they  are  identical* 

If  acceptance  of  hypothesis  is  designated  1,  ^  acceptance  of  hypo¬ 
thesis  Hq  Is  designated  0,  then  the  identification  decision  may  be  written  as 
the  product 


H  “  *xV*  ***’ 


6- 
’ 'K 


i.  AX^^X, 


0,  if  fiJC  >  AX 


*11, 


if  AT  <.AT 


if  AT  >  AT 


-11, 

•11, 


Then  for  H>1,  hypothesis  is  used,  and  for  H*0,  hypothesis  is  used. 
Designating  allowable  deviations  A^^  is  a  contradictory  preblea: 
increasing  Aj>1 1  raises  the  probability  that  indications  frew  the  sane  target 


will  be  identified  correctly,  but  at  the  state  tine,  the  probability  of 
neoua  identification  of  indications  from  different  targets  iter canon  also. 
In  this  regard,  only  rough,  approximate  identification  ia  done  in  this  step. 


The  value  A  _  _  in  calculated  by 
all 


tl^T 


mil  w  m  c’ 

where  k  is  a  coefficient  chosen  in  accordance  with  the  required  probability 

of  correct  identification;  for  k=3,  this  probability  is  close  to  1; 

Q  and  G  are  mean  square  errors  of  measuring  and  converting  the  indica¬ 
nt  c 

tion  components. 

Distribution,  In  many  coses,  the  required  region  of  allowable  deviations 
is  so  large  that  it  exceeds  the  resolution  capability  of  the  radar  station  by 
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several  times.  Consequently  indications  from  different  targets  located  close 
to  each  other  ore  usually  considered  to  be  identified.  In  the  second  stage  it 
must  be  decided  how  many  targets  are  located  in  the  region  of  allowable  devia¬ 
tions  and  how  the  indications  should  be  distributed  by  targets. 


Distribution  is  done  by  the  rules  of  logical  analysis  of  tha  indication 
positions.  Ihcsc  rules  a ay  bo  as  follows: 

If  indications  in  the  region  of  allowable  deviations  are  obtained  from 
the  same  radar  station,  then  the  number  of  targets  is  equal  to  the  number  of 
indications,  for  it  is  impossible  for  one  station  to  transmit  different  indica¬ 
tions  from  one  target  at  a  given  moment  of  time. 

If  an  equal  number  of  indications  is  received  from  each  radar  station,  it 
is  most  probable  that  the  number  of  targets  is  equal  to  tha  number  of  indica¬ 
tions  from  one  radar  station,  since  it  is  not  probabls  that,  in  the  boundaries 
Of  a  small  area,  each  radar  station  "seas’1  only  its  cam  number  of  targets  and 
"does  not  see"  a  target  observed  by  another  radar  station. 

Indications  are  distributed  by  targets  by  choosing  the  most  probable 
variation.  For  example,  if  two  radar  stations  observe  two  targets,  four  indi¬ 
cations  will  be  received  at  the  processing  point.  They  may  be  distributed  in 
three  ways,  shown  in  Fig.  12.23.  Variation  III  is  imediately  excluded  by  the 
first  rule  of  logical  distribution  given  above.  The  method  of  a  minimum  am 
of  the  squares  of  distances  is  used  to  decido  between  variations  I  and  II. 

This  requires  the  following  'operations : 

1.  Calculate  the  distance  between  indications  (see  Fig.  12.23) 


S11 21*  S1222’  S1122 


2112* 

Determine  the  sia  of  the  mqi 

2  *  s?. 


2. 

Variation  I; 


1121, 


1222’ 


Variation  XI:  S 


1122 


2112 


of  the  distances  for  each  variation: 


3.  Choose  that  variation  for  which  the  sum  is  the  least.  Xhifi  variation 
is  conaiderod  more  probable. 

The  rules  of  comparison  and  grouping  given  above  are  not  tbs  only  ones, 
and,  depending  on  the  required  processing  accuracies-,  they  may  be  complicated 
or  simplif  ied  in  calculations. 


12.26.  Averaging  Indications 

As  a  result  of  identification,  information  about  the  target  is  represented 
by  a  group  of  indications  obtained  from  different  radar  stations,  usually 
baring  different  characteristics  of  accuracy.  An  averaging  operation  is  per¬ 
formed  to  malce  one  (combined)  indication  out  of  them. 

The  first  method  of  averaging  amounts  to  computing  the  average  arithmetic 


£*-015-68 


495 


coordinate  by 


vtaere  ■  ia  the  DUBbior  of  indication*  in  the  given  group* 

The  f omul as  ere  analogous  for  the  Y,  and  H  coordinates,  velocity  V,  and 
bearing  8* 

Thin  method  is  quite  simple  in  operation  with  a  computer,  but  it  does  not 
consider 1  accuracy  char  acteristica  of  the  radar  stations-  The  beat  results  are 
obtained  by  averaging  by  weighted  means  according  to  the  equation 

X— i ^ 1 

2* 

.  im 1 

irtiero  «  value  Inversely  proportional  to  the  square  of  the  error  of  Beasurcaent 

* 

and  conversion  of  the  in  indication  coordinate  is  taken  as  the  weight  coefficient: 


Error  a  is  calculated  from 


°L+°Lt 


Ia  some  simplified  cases,  it  is  permissible  to  use  only  the  error  in  measuring 
coordinates,  which  is  given  ia  the  technical  data  of  the  radar  station,  pro¬ 
jected  to  the  ia  indication. 


figure  12.2}.  Variations  ef  the  distribution  of  the  indications  with 
with  respect  to  the  targets-  Indications  are  described 
by  a  two-digit  number:  the  first  digit  is  the  number  of  the 
radar,  the  second  is  the  number  of  the  indication  received 
from  the  given  radar- 

a  -  target  1 ;  b  -  target  2, 


Chapter  XIII 


Radar  Reliability  and  Operational  Fundamentals 
13*1  Basic  Concepts 

Systems  aruj  components  are  the  subjects  of  reliability  engineering 
research.  A  system  is  understood  to  mean  the  set  of  objects  designed  to 
work  together  to  carry  out  a  predetermined  task.  •  Objects  are  understood 
to  mean  equipments,  and  sometimes  even  the  environment  and  the  operating 
personnel.  Components  are  parts  of  a  system  designed  to  function  in  a 
predetermined  manner. 

Reliability  is  the  capacity  of  the  system  (component )  to  ctrry  out 
assigned  functions  under  predetermined  operating  conditions  while  retaining 
the  values  of  basic  parameters  within  established  limits. 

A  failure  is  an  event  causing  the  system  (component)  to  cease 
carrying  out  assigned  functions,  or  the  basic  parameters  to  exceed  per¬ 
missible  limits. 

A  broader  concept  than  failure  is  the  concept  of  fault*  A  fault  is 
an  event  during  which  any  of  the  initial  properties  of  a  system  (component) 
are  disturbed.  To  be  distinguished  are  the  "primary  faults,”  those 
resulting  in  failure,  and  the  "secondary  faults,"  those  that  do  not  cause 
failures* 

Reliability  contains  two  systems  (component)  properties  5  failure -free 
Operation,  and  restorability. 

Failure-free  operation  is  understood  to  mean  the  property  of  a  system 
(component)  to  retain  its  ability  to  function  for  a  specified  period  of 
time  under  predetermined  operating  conditions. 

Restorabxlity  is  understood  to  mean  the  capacity  of  a  system  (com¬ 
ponent)  to  have  its  ability  to  function  restored  after  a  failure  has 
occurred. 

Restorabxlity  includes  repairahility  and  serviceability.  Repair- 
ability  characterizes  the  internal  (engineering,  design)  properties  of  the 
system  (component)- 

Serviceability  characterizes  factors  external  to  the  system  (component) 
(qualifications  of  personnel,  organization  of  service,  supply,  repair,  and 
the  like). 

Also  to  be  distinguished  are  "reatorable"  (used  more  than  once)  and 
"nonrestorable”  (used  only  once)  systems  and  components.  A  radar,  for 
example ,  is  included  among  the  systems  used  more  than  once,  whereas,  an 
on-board  missxl*  electronic  system  is  included  among  the  systems  used  but 
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Vue  or  index 


Eeaxgnatioos  used  Hnsaurr  mrnt  unit. 


In-lexes  characterizing  fnilun-fm  operation 
Probability  of  failure -free  operation  p(t) ,  P(t) 

Probability  density  of  failure— free 


operation 
Failure  rate 
Failure  density 

Hus  operating  tine  between  failures  - 


f(t) 

a(t),  A(t) 
MO,  A(t) 


seas  tine  to  failure 

Average  service  life  for  component  1^ 

Indexes  characterizing  rastorability 
Restoration  probability  V(t) 

Restoration  rate  v(t  ) 


Restoration  density  ^(t) 

Average  restoration  tine  1^ 

Generalisad  indexes 


Availability 

Probability  of  normal  functioning  P^(t ) 

Downtime  ratio  Cj 


hours  * 
hours-1 

hour 

hour. 


hours 

hours' 

hours 


The  probability  of  failure-free  system  operation  is  understood  to 
mean  the  probability  that  the  system  will  function  correctly  for  a  pre¬ 
determined  time  interval,  t,  under  specified  operating  Conditions.  The 
probability  density  of  failure-free  operation,  f(t),  indicates  the  change 
in  the  probability  of  failure-free  operation  with  respect  to  time. 

The  failure  probability,  Q(t),  is  the  probability  of  the  oppooito 
event  taking  place 

Q(t)  a  1  -  P(t).  (13-1) 

The  following  formula  can  be  used  to  arrive  at  a  practical,  approxi¬ 
mate,  deters  in  at  ion  of  the  probability  of  failure-free  operation 

P(t)  ro  «f  -  n(t)/Nf,  (13.2) 

where 

Nf  is  the  mister  of.  systems  (components)  tested; 

n(t)  is  the  number  of  systems  (components)  failing  in  time  t. 

The  accuracy  with  which  P(t)  is  established  through  the  use  of  the 
formula  at  (13.2)  will  depend  on  N_  and  increases  with  increase  in  . 

Failure  rate  ia  the  differential  law  for  the  distribution  of  time  of 
failure— free  operation.  Failure  rate  ia  the  rate  of  ,fdropff  in  reliability. 
The  statistical  value  of  failure  rate  can  be  established  through  the 


fonaila 


a(t)  =  dq(t)/dt  ft,  An/Npjt,  (13-3) 

where 

An  is  the  number  of  elements  failing  in  time  At  in  the  interval 
(t,  t  ■*■  At). 

Failure  rate  is  a  characteristic  of  restored  equipment.  Components 
failing  during  tests  should  be  replaced  with  new  ones  when  &  statistical 
determination  of  failure  rate  through  the  formula  at  (13- 3)  is  made- 

Failure  density  can  be  expressed  as  the  ratio  of  the  increase  in  the 
number  of  failures.  An,  in  the  time  interval  from  t  to  t  +  At,  to  the 
number  of  components  remaining  in  good'  working  order  during  the  interval 
of  time  considered 

X.(t)  -  n(t)J  At,  (13-4) 

where 

-  n(t}  la  the  iiunber  of  components  remaining  in  good  working 
order  during  the  interval  of  time  considered; 
n(t)  ia  the  number  of  component*  failing  fro.  the  beginning 
of  the  teat  to  time  t. 

The  statistical  value  of  failure  density  in  established  through  the. 
formula  at  (13.4).  Failure  density  ia  a  characteristic  of  noorcstorable 
equipment. 

Failure  density  is  sometime#  expressed  as  a  percentage  of  100,  er 
1000,  hours  of  operation. 

If  a  failure  density  per  1000  hours  of  operation  (X')  is  specified, 
a  conversion  formula 

X  a  \'/lQOO, 

oust  be  used  to  obtain  the  failure  density  (X)  per  hour. 

Experience  in  the  operation  of  electronic  systems  and  components 
indicates  that  a  change  in  failure  density  with  time  occurs  in  accordance 
with  the  law  shown  in  Figure  13-1. 

The  dependence  A  -  f  (t }  has  three  clearly  defined  curve  sections. 


Figure  13-1.  Dependence  of  failure  density, A, 
on  time  in  operation. 


Section  I  is  the  breaking  in  period.  Here  an  increased  failure 
density  because  of  failure  of  the  weakest  components  with  hidden  defects 
is  characteristic*  The  duration  of  the  period  is  sometimes  hundreds  of 
hours ,  and  depends  on  the  production  process  used* 

Section  11  is  the  normal  operating  period,  or  the  established 
operating  condition  for  the  system.  U.  reduced  level,  and  constancy  in  the 
failure  density ,  A  =  const,  is  characteristic  here.  This  section  covers 
several  thousand  hours* 

So  far  as  Section  II  is  concerned,  the  dependence  of  the  probability 
of  failure -free  operation  on  time  is  fixed  by  an  exponential  lav 

PCt)  =  e'*1.  (13.5) 

Section  III  is  the  period  during  which  wear  and  aging  occur.  Here 
an  increase  in  the  failure  density  as  a  result  of  failure  of  mass  appli¬ 
cation  components  is  characteristic*  The  normal  law  applies  when 
establishing  the  probability  of  failure— free  operation  over  this  section* 
Mean  time  to  failure,  ,  can  be  established  as  the  average  length 
of  tisaa  of  operation  between  failures,  using  the  formula 


where 


(13-6) 


n  is  the  number  of  failures  during  the  test  period,  t; 

i=i 


t^  is  the  time  of  failure-free  operation  from  the  (i  -  l)m  failure 
to  the  i tt  failure* 

When  the  exponential  law  applies,  the  mean  time  to  failvre  can  be 
established  as  a  magnitude  the  inverse  of  the  failure  density 
Tf  =  1/A. 

An  approximate  detemination  of  average  service  life  for  components 
can  be  made  through  the  formula 

(13.7) 

-  _  J=» 


When  there  is  «  known  dependence  of  the  probability  of  failure-free 
operation  of  a  system  on  time,  P (t } ,  the  mean  tine  to  failure  can  be 
established  through  the  fonaula 

Tf=]p( 0*.  <13*8) 

0 

The  restoration  process  simply  means  putting  a  failed  system,  or 
component,  back  in  service.  Hew  long  this  process  takes  is  established  by 
the  elapsed  time  between  failure  and  tba  completion  Of  restoration. 


Restoration  probability,  V(T),  provides  a  quantitative  -i niUr  of  the 
probability  that  the  system  will  be  restored  in  a  period  of  time  not  in 
excess  of  a  specified  value,  T. 

Average  restoration  time  is  the  average  time  spent  on  restoring  the 
system,  and  is  found  through  the  expression 


where 


(13.9) 


is  the  ties  spent  on  restoring  the  !*>  failure; 
n  is  the  number  of  failures  (completely  restored). 

If  the  average  restoration  time  for  individual  sub-systems  is  known, 
the  average  restoration  time  for  the  system  can  be  found  through  the 
formula 


■Tv- 


(13.10) 


where 


is  the  average  time  to  restore  the  im  sub-system; 
is  the  failure  density  in  the  ih  sub-system. 

When  the  restoration  probability  is  known,  the  average  restoration 
time  can  be  found  through  the  expression 


r=f  [1-V.C3)*. 


(13.11) 


Availability  in  the  probability  that  an  arbitrarily  taken  system 
will  be  in  proper  working  order  at'  any  moment  in  time.  Ihe  steady-state 
(fixed)  value  of  the  availability  can  be  found  through  the  formula 

Ca  =  Tj/T^  +  T_  (13-12) 


The  probability  of  normal  functioning  is  a  generalized  index  of 
reliability  for  multipurpose  use  systems.  This  index  takes  into  con¬ 
sideration  the  initial  state  of  the  systems  as  well  as  its  failure-free 
operation  and  reatorability ,  and  is  the  probability  of  a  complex  event, 
ineluding  the  fact  that  the  systems  will  be  in  good  working  order  at  the 
beginning  of  use  and  will  function  without  failing  for  specified  time  t 
P  .<t)  V  C  P(t).  (13.13) 

nx  a 

The  downtime  ratio  characterizes  the  forced  downtime  of  equipment 
because  of  failures  and  is  established  as  the  probability  that  at  any 
arbitrary  moment  in  time  the  equipment  will  be  inoperative. 

Quantitative  indexes  are  reliability  measures*  The  correct  selection 
of  a  quantitative  index  is  the  basic,  correct,  evaluation  of  equipment 


500 


501 


reliability  when  c  .‘signing  and  evaluating  equipment  reliability.  For 
example,  the  probability  of  failure-free  operation  during  time  of  flight 
will  completely  characterize  the  reliability  of  aircraft  equipment.  The 
probability  of  normal  functioning  will  be  the  index  for  missile  equipment 
for  a  missile  that  must  be  ready  to  launch  at  any  time.  The  mean  time  to 
failure  can  serve  as  a  characteristic  of  reliability  for  unattended  equip¬ 
ment  such  as  artificial  earth  satellite  equipment,  and  the  like. 


13.3*  Reliabilit^Characterirtic^and^junal 
Faults  In  Radio  Components 

The  determinant  factor  for  typical  radio  components  is  the  failure 
density.  Generalized  data  on  coe^oaent  failure  density,  as  published  in 
the  press  from  time  to  time,  are  listed  in  Table  13-1. 

Table  13.1.  Failure  Density  for  Typical 
Radio  Components 


Names  of  components 


Failure  density/hour  of  operation 


Vacuum  tubes 

Resistors 

Condensers 

Transformers 

Chokes,  induction  coils 

Relays 

Selsyns,  electric  motors 
Semiconductor  instruments: 
diodes 

germanium  and  silicon  triodes 
Switch  gear 
Plugs 

Commotions,  soldered  and  wired 
Gyroscopes 


(0.001  to  0.345)10-3 
(0.00001  to  0.015)  io“3 
(0.00001  to  0.164)  10-3 
(0.00002  to  0.064)  10-3 
(0.0fo2  to  0.044/  10"3 
(0.005  to  1.01)  10-3 
(0.001  to  0.33)  10-3 

(0.00012  to  0.5)  10-3 
(0.0001  to  0.9)  I®"3 
(0.000003  to  0.?,8>  10'3 
(0.00001  to  0.091)  10-3 

(0.00001  to  0.01)  10 ”3 
(1  to  6)  10”3 


Ty-pic.il  fanltfl  in  receiver-amplifier  tubes  (in  %  of  total  number  of 
failures ) : 

change  in  pararetera  and  loss  of  emission  -  43  to  5^1 
filament  breaks  and  burning  -  20  to  25%; 

cracks  in  envelopes,  socket  breakage,  and  others,  9  to  12%. 

Typical  resistor  faults  * 

breakage  of,  or  broken  contact®  -  orer  50*; 
burn  out  of  conducting  layer  -  35  to  40%; 

•harp  chanuee  in  resistance  compared  with  rated  -  5  to  8%. 
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Typical  condenser  faults: 

breakdown  in  the  dielectric  -  *looat  60%; 

reduction  in  capacity  —*15%; 

reduction  in  insulation  resistance  •  5%» 

Typical  relay  faults: 

closed  and  burned  contacts; 
contact  springs  out  of  adjustment; 

breakdown  of  insulation  between  windings  and  housing ; 
open  windings. 

Typical  faults  in  transformers  and  chokes; 
burned  out  windings; 
windings  shorted  between  turns; 

breakdown  of  insulation  between  windings  and  housing; 
breakdown  between  turns. 


13*4.  Factors  Affecting  Equipment  Reliability 

Factors  affecting  equipment  reliability  can  be  divided  up  into  two 
groups:  subjective  and  objective.  The  subjective  factor  depends  on  human 
activity*  Included  here  is  everything  related  to  circuit  selection 
and  design  decisions  during  tho  design  stage ,  the  selection  of  components 
and  materials  to  provide  normal  operating  conditions,  the  organization  of 
engiimring  service,  and  the  operation  of  the  equipment. 

The  objective  factors  are  the  result  of  the  effect  created  by  the 
environment  and  related  to  climatic,  meteorological ,  biological,  mechanical, 
and  other  activities.  The  degree  to  which  these  factors  act  depends  on  the 
efforts  made  by  man  to  weaken  them.  The  factors  can  be  broken  down  into 
design-fabrication  and  operational,  according  to  the  nature  of  their 
activity.  Design-fabrication  factors  include  those  related  to  the  develop¬ 
ment,  planning  and  building  of  the  equipment.  They  have  the  greatest  effect 
on  reliability.  Operational  factors  include  those  affecting  equipment  use 
reliability.  They  include  the  objective  factors  that  result  from  the 
influence  exerted  by  the  environment,  and  the  subjective  factors  related 
to  the  organization  of  the  engineering  service  system,  repair,  provision 
of  spare  parts,  qualifications  of  the  operating  personnel,  and  on  other 
questions. 

The  probability  of  normal  operation  is  one  of  the  most  complete 
quantitative  characteristics  of  reliability,  taking  into  consideration  os 
it  does  failure-free  operation  and  rcotornbility  of  the  equipment.  Its 
magnitude  is  the  result  of  the  effect  of  two  diametrically  opposed 
resultant  factors,  shown  diagrmmmatically  in  Figure  13*2. 

Destabilizing  factors  of  a  subjective  and  objective  nature  reduce 
reliability.  At  the  same  time,  the  efforts  of  developers  and  operating 
personnel  are  directed  at  increasing  reliability. 


Measures  leading  to  an  increase  in  the  reliability  level  can  he  divided 
up  into  tvo  groups  in  so  far  «a  they  affect  reliability  parameters: 
measures  directed  at  increasing  failure-free  operation; 
measures  directed  at  improving  res torab ility- 
All  these  measures  should  be  operable  in  the  development  and  production 
stage,  as  veil  as  during  operation.  Of  particular  importance  in  operation 
are  preventive,  or  adjustment  measures,  the  scope  of  vhich  and  when  done,  is 
established  by  the  corresponding  instructions.  The  purpose  of  preventive 
maintenance  is  to  avert  some  of  the  failures,  and  at  the  same  time,  to 
increase  failure-free  operation  and  reduce  equipment  downtime  during 
restoration* 
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Selection  of  reliable 
components 

Simplification  of  modes 
Heat  protection,  sealing 
shock  mounting 
Optimization  of  circuits 
and  construction 
Tests  and  preaging 


Figure  13*2#  Factors  affecting  reliability 
G  —  Static  monitoring 
H  —  Preventive  maintenance  and 
forecasting 

1  -  Increase  in  failure-free  operation 
J  -  Increase  in  restorability 

X  -  Automatic  monitoring  of  parameters 
L  -  Standardization  and  unification 
M  —  Hepairability 
U  -  Training  cadrt**  Optimisation 


Of  trouble  shooting 
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0  -  System  of  supplying  spare 
components 
P  —  Repair  system 
Q  -  Factors  for  increasing  reli¬ 
ability 

R  -  Required  level  of  reliability 


T  -  Monitoring  and  emulating 
ays  tea 

U  -  Destabilizing  factors 

V  —  Temperature 

V  -  Moisture 
X  —  Pressure 

V  -  Precipitation 

Z  -  Impurities  (dust,  sand) 


AA  •  Radiation 
86  -  Biological  factors 
CC  -  Transitional  processes 
DD  -  Aging,  vear 
EE  -  Objective 
FF  -  Subjective 
GG  -  Unreliable  components 
HH  -  Abnormal  modes 
II  -  Circuit  shortcomings 
JJ  -  Design  shortcomings 
KK  -  Engineering  violations 
LL  -  Poor  production  methods 
MM  -  Violations  of  operating  rules 
NN  -  Poor  quality  of  mechanical 
servicing 

00  -  Careless  handling 


13*3  Computing  Reliability  Characteristics 

The  essence  of  the  reliability  computation  is  a  determination  of  the 

numerical  values  of  tbs  reliability  indexes  in  accordance  with  the  initial 

Statistical  data  for  the  components  making  up  the  system.  The  initial 

data  for  computing  equipment  reliability  arer 

the  failure  rate,  X.; 

x 

number  of  components  .  for  each  type  used  in  the  equipment; 
average  restoration  time  for  components, 

Established  as  a  result  of  the  reliability  computation  are: 
for  one-time  use  systems  -  system  failure  rate 

and  t b©  probability  of  failuro-fro©  operation  of  a  ayrtaa  p(t)  on  a  normal 
operation  section; 

for  continuous  duty,  or  repeated  use  systems  -  average  restoration 
time,  T^,  availability,  C^,  and  probability  of  normal  functioning, '  P^Ct), 
are  computed. 

The  basic  assertions  used  in  computing  reliability  are: 
failure  of  any  component  -will  cause  system  failure; 
failure  of  any  component  has  no  effect  on  the  operation  of  the 
rest  of  the  components ;  that  is,  component  failures  are  considered 
mutually  independent. 

An  approximate  reliability  computation  is  made  in  the  initial  stage 
of  equipment  design-  Characteristic  of  it  is  that  the  precise  number  K. 
and  Xi  in  the  groups  are  as  yet  unknown  because  the  component  operating 
modem  have  not  yet  bean  selected  and  the  final  electrical  computatims  for 
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the  circuits  have  not  yet  been  made.  The  purpose  or  this  computation  is 
to  inject  operational  interference  into  the  equipment-  -design  in  the 
initial  a  tape  and  take  steps  to  increase  the  reliability  of  the  weakest 
units. 

The  sequence  in  which  the  approximate  reliability  computation 

is  made 

1.  All  lystea  components  are  broken  down  into  several  groups  with 
approximately  the  same  failure  rate. 

2.  The  number  of  elements ,  N.,  in  each  group  is  computed. 

3.  Tables  are  used  to  find  the  values,  X.,  for*  the  components  in 
each  group  (by  averaging,  or  taking  the  extremes). 

4.  The  system  failure  rate  is  computed  through  the  formula  at 
(13-14). 

5*  The  average  failure-free  operating  time  is  found 
Tf  *  1/A. 

6.  The  probability  of  failure -free  operation  for  operating  time  t 
is  computed  through 

p(t>  =  *At. 

In  addition,  the  following  are  computed  for  continuous  duty  systems: 

7-  the  average  restoration  time 

$=A 

8.  the  availability 

«  T^/T f  ♦  Tr?  and, 

9«  the  normal  functioning  probability 

P  _(t)  =  C  P(t). 
nr  a 

Oats  on  the  number  of  identical  components  are  not  always  available 

in  the  initial  design  stage.  Sometimes  only  the  total  number  of  stages  is 

known.  Then,  in  order  to  make  the  computation,  what  must  be  known  is  the 

average  stage  failure  rate,  X0,  and  the  number  of  stages  in  the  equipment, 

N  . 
s 

The  final  reliability  computation  is  made  with  design  and  operational 
factors  based  on  the  above  explained  methodology  for  making  the  approxi¬ 
mation  computation  taken  into  consideration.  Temperature  and  duty  have  the 
greatest  effect  on  component  failure  rate.  Consequently,  component  failure 
rate  is  finally  computed  with  these  factors  taken  into  consideration. 

The  dependence  of  failure  rate  on  toiperature  for  various  load 
factor,  C^,  values  is  cf  the  greatest  practical  significance.  Thu  load 
factor  is  uwlerstood  to  mean: 


ci  -  W 

where 

Ur  in  the  rated  voltage  for  the  particular  type  of  ccadenser; 
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Is  the  Condenser  operating  -voltage  in  the  circuit; 
tor  renin  torn 

ci  -  W 

where 

is  dissipated  ]mnr; 
is  rated  power; 
for  vacuum  tubes 

C,  .  P_  ♦  P  +  P  /P,  +  P  +  P  , 

1  1  p  g  fr  pr  gr 

where 

P  ,  P  ,  and  p  are  the  powers  dissipated  by  the  tube  electrodes 

i  p  0 

under  the  operating  conditions  (filament,  plate, 
and  grid  power,  respectively) ; 

P_  ,  P,  .  and  P  are  the  rated  values  of  the  plate,  filament, 
pr  ir  gr 

and  grid  powers,  respectively 5 

tor  a  relay 

ci  -  W 

where 

I  is  the  contact  operating  current; 
o 

I  in  the  rated  contact  current  value* 
r 

The  values  for  X^  are  found  from  graphics  according  to  the  operating 
temperature  and  the  load  factor  for  each  component  when  the  final  reliability 
computation  is  made  with  duty  taken  into  consideration. 

As  before,  the  formula  at  (13.14)  can  be  used  to  find  the  summsd 
failure  rate  for  the  system. 

The  sequence  in  which  the  final  reliability  coaputation 
is  made 

1.  Component  load  factors,  C^,  are  computed. 

2.  The  X.  S  f(C, ,  t*)  graphics  are  used  to  find  the  actual  values 
of  X.  for  the  specified  load  factors  and  operating  temperatures. 

3.  The  precise  number  of  components  in  each  group  im  computed. 

4.  The  failure  rate,  and  other  characteristics,  are  computed  as 
in  the  approximation  method. 

The  reliability  computation  -with  component  aainq  taken 
into  consideration 

There  is,  in  addition  to  the  unexpected  failures  characteristic  over 
a  normal  operating  period  (section  II,  fig.  13.1),  an  inherently  gradual 
change  in  the  original  properties  and  parameters  for  each  component  with 
time,  leading  to  a  so-called  gradual  fai  lure.  When  these  will  occur  is  a 
random  event,  described  by  the  normal  law.  As  a  practical  matter,  it  is 
extremely  difficult  to  distinguish  between  unexpected  and  gradual  failures. 
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but  it  generally  is  accepted  that  in  a  normal  period  of  operation,  when 
X  =  constant,  almost  ell  failures  are  unexpected,  and  the  reliability  com¬ 
putation  is  made  on  the  basis  of  an  exponential  law-  Vben  the  period  of 
general  wear  and  aging  aets  in  on  the  main  body  of  components,  the  failure 
rate  will  begin  to  increase  sharply  because  of  gradual  failures.  Moreover, 
-the  dominant  failure  in  many  components  in  the  gradual,  rather  -than  the 
unexpected.  Included  amoog  these  components  as  a  rule  are  the  electro- 
mechanical  units  and  parts,  the  lives  of  which  are  fixed  by  wear  and  aging 
phenomena- 

The  probability  of  failure  of  a  component  such  aa  this  in  time  t  can 
bo  found  through  the  formula 

?{je)  «=0(5  —  4>(x),  *  =  (13-15) 

where 


is  the  average  life  for  the  component ; 
o  is  the  mean  square  deviation  from  the  average  life. 

The  function  $00  is  called  the  probability  integral,  and  its  value 
is  found  in  tables  The  computation  for  the  probability  of  failure- 

free  operation  reduces  to  finding  the  function  $(X)  in  the  tables# 

The  probability  of  failure-free  operation  of  a  system  equals 

N 


P  (f)  =  flp,  (0  —  n  [0,5 +  <£,(*)]. 


I=d 

For  the  case  of  identical  components 

f>(9  =  !015+<*’!  (*)]"• 

For  a  large  number  of  components  in  a  system 


(13-16) 


(13-17) 


(13-18) 


The  sequence  in  which  the  computation  is  made  is: 

1.  find  the  magnitude  =  t-T^^/a^  from  the  original  valuea  of 

T  .  and  g  . ; 
m  i 

2#  find  the  probability  integral  from  the  tables  Cl*l2; 
find  the  probability  of  failure-free  operation,  P(t) • 

13*6  Evaluating  Reliability  in  Operation 
and  During  Testa 

Tests  establish  the  data  for  equipment  operating  time  between 
successive  failures,  as  well  as  the  data  on  restoration  time.  Naturally 
enough,  the  greater  the  number  of  readings  on  operating  time  between 
failures ,  the  more  accurate  will  be  the  computed  average  value. 

The  accuracy  which  the  evaluation  is  made  can  be  established  through 
the  accuracy  factor  6,  which  depends  on  the  number  of  experiments  and  the 
required  authenticity  Y*  The  authenticity  of  the  evaluation  indicates  the  oafl- 
nitude  of  the  assurance  that  the  true  value  of  the  parameter  evaluated  is  within 
specified  limited 


For  exa-ple,  the  atm  -Lima  to  failure  is  round  through  the  expression 
at  (13-6) 

T  — 

where 

tj,  i*  the  total  time  of  serviceable  operation; 

n  ia  tho  number  of  failures  occurring  in  tin*  t^.. 

^  accuracy  in  the  evaluation  can  be  established  by  the  factors 

6  and  6 
1  2 


Tf  -in  =  5lTf  4  Tf  *  S2Tf  “  Tf  max* 

Authenticity  of  evaluation  ia  usually  given  in  the  range  fro-  0.9  to 
0.99-  Proceeding  fro—  the  specified  authenticity  fro—  the  curves  in  Figure 

13-3 1  *e  find  the  accuracy  fact  ore  J  and  &.,  -then  the  and  ainiau- 

2 

vmlues  Tor  t be  sought  Tor  Magnitude, 


t  min 


aiV 


62Tf 


03-19) 


The  magnitudes  Tf  ^  and  are  the  numerically  established 

boundaries  of  the  evaluation  accuracy,  end  are  called  the  trustworthy 


boundaries  of  the  sought  for  para— eter,  Tf. 

The  an— e  methodology  can  he  uaed  to  evaluate  the  magnitude  of  the 
average  restoration  ti-e,  T^.  The  accuracy  factors  for  the  evaluation  of 
can  also  be  established  fra-  tnr>  cur  res  in  Figure  13.3.  The  scale  is 
for  the  case  when  the  probability  of  restoration  is  subordinate  to 


Figure  13-3-  Dependence  of  the  evaluation  accuracy 
factors  8^  and  on  the  number  of  testa  for  different 
evaluation  authenticities . 

A  .  evaluation  accuracy  factors;  B-  evaluation  authenticity! 


C  .  T  scale;  D  -  number  of  failures,  n:  E  -  T  scale, 
f  T  r 


ErlauQ'a  law 


509 

Ttao  downtime,  or  the  availability,  ratio  can  be  evaluated  similarly. 

T“ble  U.2  lists  tba  evaluation  accuracy  factors  for  the  downtime  ratio 
for  an  autbsutlcity  y  »  0.9. 

Table  13.S 

Table  of  accuracy  factors  for  evaluating  the  C 

<1 

parsec  ter  with  an  authenticity  of  y  e  0.9 


Example  1.  After  sou  period  of  operation  of  two  identical  radar 
ayxteem ,  the  following  statistical  data  were  caviled: 

for  the  1st  system:  =  20;  „  1600;  »  150, 

for  the  2d  system:  ^  .  20;  ^  .  1000;  .  50. 

Required  with  an  authenticity  of  y  .  0.9  are  the  operational  reli¬ 
ability  of  the  system  and  the  average  number  af  failing  systems  if  K  .  10O 
sets  of  equipment  are  in  operation. 

Solution, 

1*  Ut  us  find  .  *  1 

Tri  -  t»/ni  “  l6C°/20  *  80  boura;  Trf  „  _  150/20 . 7.5 

^  hours; 

*12  ”  lo00A°  -  100  hours;  .  50/10 . 5  hours; 
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Tf  .  t„1  -  t^y  n2  *  n„  .  1600  *  1000/20  ♦  10  aj  87  hours; 

Tr  .  T_1  *  'r^/n1  *  n2  »  150  *  50/20  ♦  10  w  6.7  hour*; 

Cd  -  Tr/Xf  +  Tr  _  6.7/87  v  6.7  w  0.07. 

2.  Lot  ua  find  ttm  accuracy  factor*,  6^  and  &2>  for  Tf  from  Figure 
13*3  *or  n  ■  30  and  y  =0.9 

fix  .  0.7;  6Z  .  1.3. 

The  trustworthy  boundaries  for  the  parameter  will  equal 
Tf  nin  -  0.7  *87-61  hours; 

Tf  — .  3  1*3  •  87  -  113  hours. 

3.  Let  us  coelute  the  possible  Minimus  and  maximum  values  for  the 
probability  of  failure  free  operation,  P(t)  for  any  time  t 


4.  Let  us  find  6^  and  6^  from  Figure  13*3  to  evaluate  the  parameter 

T 

r 

6X  .  0.788,  «2  -  1.22. 

The  trustworthy  boundaries  are 

T  .  -  0.788  ♦  6.7  «.  5-3  hours, 

z*  Min 

X  .  1.22  -  6*7  **  8*2  hour*, 

r  bit 


5-  Let  tie  c ©esparto  the  possible  ortnimm  end  wiriwe  nUnes  for  the 
probability  of  restoration  for  any  tint  T« 

6-  Let  us  find  the  evaluation  accuracy  factors  6.  and  6_  for  the 

1  • 

doimtisa  ratio,  Q  ,  froa  Table  13*2  for  n  a  30 
<3 

8j^  .  0.68,  «2  .  1.47. 


Toe  trustworthy  boundaries  for  the  availability  equal 

Ca  ein  -  1  -  Cd  sex  “  1  -  ^  *  °-°?  ~  0**’ 

C  -  1  -  C  .  .  1  -  0.68  ♦  0.07  «  O.95. 


7.  The  Boat  probable  average  number  of  constantly  operating  systems, 

N  ,  will  be  within  the  following  boundaries 
o 

N  -  NC  _ a  100  -  0.95  »  95  system, 

o  max  a  imuc 


0.9  -  90  ays  tons. 


Electronic 


The  methods  used  to  provide  redundancy  can  be  divided  into  those  using 
some  volume  of  stand  -by  equipment  (a  redundancy  "level"]  and  those  using  the 
condition  of  stand-by  components  while  Min  components  are  functioning  pro¬ 
perly. 


The  first  of  these  distinguishes  three  basic  ways  in  which  the  sain 
and  the  stand-by  components  can  be  included: 

general  redundancy  for  an  entire  system  by  using  identical, 
duplicating,  components; 

individual  (component  by  component)  redundancy  for  a  system  by 
providing  redundancy  for  individual  components  in  that  system; 

mixed  redundancy,  in  which  individual  sub-systems ,  as  well  ns 
certain  of  the  primary  components ,  are  provided  with  stand-bys. 

The  second  of  these  distinguishes  two  different  conditions  for  the 
stand-by  components  when  the  main  components  are  in  operation: 

constant  Redundancy,  wherein  the  stand-by  components  (systems)  are 
connected  to  the  main  components  throughout  the  operating  period  and  where¬ 
in  both  function  under  the  same  conditions; 

redundancy  by  replacement,  wherein  the  stand-by  components  (systems) 
do  not  replace  the  main  ones  until  the  latter  fail. 

Characteristic  of  replaceable  redundancy  is  a  condition  in  which  one 
finds  the  stand-bys  under  light,  or  no  load  conditions,  that  is  when  the 
stand-by  components  are  not  in  operating  condition. 

The  ratio  of  tho  number  of  stand-by  components  (systems )  to  the 
number  of  corresponding  main  components  (systems,  installations) ,  is  called 
tho  redundancy  ratio* 

Failure  of  a  rosin  unit,  or  block  will  not  result  in  system  failure 
when  redundancy  is  built  in.  Consequently,  the  main  and  stand-by  components 
roust  be  considered  as  being  connected  in  parallel  for  redundancy.  Failure 
will  occur  only  when  the  main,  and  all  stand-by  components,  have  failure. 

The  probability  of  failure-free  operation  of  a  system  with  redundancy 
-can,  in  the  case  of  general  redundancy,  be  found  through  the  expression 


where 


P  = 

gen 


<=0 


(13.20> 


m  is  the  redundancy  ratio; 

Pj  is  the  probability  of  failure-free  operation  of  each  of  the 
parallel  circuits  (main  and  stand-by). 

In  the  case  of  individual  redundancy ,  tba  probability  of  failure-free 
operation  can  be  found  through  the  expression 

(13.21) 


Pt raT1 


-nA-iH) 

1=6  \  / 


is  the  probability  of  failure-free  operation  of  the  i*  component 
in  the  ji  circuit] 

n  is  the  number  of  components  individually  provided  with  stand- 


where 


What  follows  fro*  the  expressions  at  ( 13-20)  and  (13-21)  is  that 
individual  redundancy  provides  a  great  gain  in  reliability,  but  realisation 
demands  quite  a  large  number  of  switches-  Unreliability  in  this  devices 
can  lead  to  a  considerable  reduction  in  this  gain-  The  most  effective 
approach  is  to  use  an  unloaded  stand-by,  bul  this  cannot  always  be  done 
because  this  type  of  redundancy  requires  a  good  deal  of  tins  to  switch  to 
stand-by* 

13-8  Restorability  of  Electronic  Equipment 

Reatorability  is  a  broad  concept,  encompassing  the  property  of  the 
equipment  itself,  as  well  as  the  operating  procedure,  and  depends  on  the 
following  principles: 

the  training  of  operating  personnel; 

the  organizational  and  engineering  measures  taken  to  service 
the  equipment  and  provide  spare  parts. 

Reatorability  is  a  combination  of  repair-ability  and  the  maintenance 
measures  used.  Repairability  is  understood  to  mean  the  design  and 
engineering  properties  of  the  system  characterizing  its  adaptability  to 
the  detection  and  elimination  of  failures- 

Maintenance  measures  can  be  characterized  by  the  qualifications  of 
the  operating  personnel ,  bow  the  repair  supply  system  is  organized  and 
others - 

There  are  many  systems  in  which  the  danger  is  not  the  fact  that 
functioning  has  ceased,  but  how  long  the  system  will  be  shutdown,  and  this 
tatter  is  determined  by  restoration  time-  The  basic  components  of  the 
restoration  time  are  the  tine  required  to  find  the  fault,  the  time  required 
to  eliminate  it,  and  the  time  required  to  tune  and  cut  in  the  equipment 
after  restoration-  Of  these,  the  time  required  to  find  the  fault  is  the 
longest,  so  proper  organization  of  the  process  used  to  find  the  fault  will 
result  in  a  significant  reduction  in  restoration  time- 

The  best  result  can  be  obtained  by  using  systems  that  automatically 
monitor  operability  and  that  ir£ll  provide  information  cm  the  failure  site 
imaedi&tely  after  a  failure  occurs-  But  failures  in  the  monitoring  system 
used  must  also  be  taken  into  cons iderat ion  when  automatic  monitoring  systems 
are  used.  The  components  in  the  monitoring  system  are  designed  so  their 
failure  will  have  no  direct  bearing  on  the  operation  of  the  main  equipment, 
but  there  is  always  a  logical  connection  between  the  functioning  of  the 
monitoring  system  and  the  main  equipment.  Bence  there  are  optimum  relation¬ 
ships  between  the  eo^jlexity  and  the  reliability  characteristics  of  the 
monitoring  equipment  and  the  complexity  and  the  reliability  of  the  —in 
equipment. 


When  there  is  no  system  monitoring ,  detection  of  &  faulty  component 
reduces  to  nuking  a  series  of  successive  tests.  Each  test  provides 
definite  information  on  equipment  condition*  The  process  of  finding  the 
fault  can  be  represented  as  a  series  of  tests,  as  a  result  of  vtdch  the 
faulty  component  is  found. 

13-9  The  Methodology  Used  to  Shoot  Trouble 

The  methodology  used  to  shoot  trouble  is  a  set  of  methods  and  a 
sequence  of  actions  to  arrive  at  the  moat  desirable  and  fastest  way  to 
shoot  troubles* 

There  are  two  basic  trends  in  solving  this  problem  at  the  present 

time; 

develop  and  use  a  subjective  methodology  for  shooting  trouble 
(a  manual  method); 

automate  the  troubleshooting  procedure  by  designing  special 

systems* 

The  most  logical  sequence  of  tests  for  shooting  trouble  in  any  system 
is  one  in  which  the  boundaries  of  the  area  in  which  the  trouble  may  be  axe 
gradually  narrow^  down  until  the  trouble  is  localized  to  a  concrete, 
damaged  component*  In  other  words,  each  successive  step  is  taken  on  the 
basis  of  information  obtained  from  the  preceding  test  shoring  which  part 
of  the  system  can  be  excluded  from  consideration  because  it  is  functioning 
properly.  The  first  thing  to  be  found  in  an  electronic  system  is  the 
faulty  channel  (receiver,  indicator,  etc*),  then  the  faulty  block  in  the 
channel ,  the  stage  in  the  block,  the  component  in  the  stage*  Thus,  trouble 
shooting  involves  a  successive  division  of  the  system  from  the  initial 
large  section  and  the  elimination  of  properly  functioning  components,  into 
smaller  sections,  or  areas  of  that  system. 

This  logical,  planned,  succession  of  tests  (verifications)  has  come 
to  be  called  the  successive  approximations  method* 

The  successive  approximations  method 

Let  some  system  consist  of  N  =  8  components  connected  in  series- 

Let  us  assume  that  the  failure  probability  is  equal  for  all  components , 
that  is,  there  is  an  equal  probability  of  failure  on  the  part  of  any  of  the 
components. 

The  probability  tbot  the  failed  component  will  be  found  by  using  a 
sequence  of  random  tests  equals  1/7*  This  means  the  time  required  to  find 
the  trouble  is  proportional  to  the  number  of  components  less  one  (the  last 
component  is  not  tasted) 

=  k(N  -  1), 


where 


1c  is  the  average  time  required  to  make  one  test; 

is  the  time  required  to  find  the  trouble  by  using  the  sequence 


The  successive  approximations  method  can  be  reduced  to  the  so-called  51A 
Bean  point  method  in  the  special  case  when  ve  have' no  advance  infanutiao 
(the  indications  are  of  normal  operation  prior  to  testing).  This  means 
we  make  the  first  teat  in  the  oiddlc  of  the  system,  between  components  4 
and  5»  This  cuts  the  boundary  of  the  faulty  section  in  the  system  down  to 
components  5»  6t  7 1  and  8.  The  properly  functioning  half  of  the  system 
(components  1,  2,  3«  and  4)  is  immediately  ruled  out  of  the  consideration. 

The  second  test  is  made  by  halving  the  rest  of  the  faulty  sections 
in  the  system.  Thus,  to  trouble  shoot  in  a  system  of  eight  components,  no 
more  than  three  tests  will  be  required. 

The  ratimw  number  of  tests ,  n,  in  this  method  can  be  computed  through 
the  formula 

u  -  log  N/  log  2. 

The  time  required  to  find  the  faulty  component  is 

T#  =kfl  *  1.43  k  log  N.  ( 13*22) 

The  successive  approximations  method  is  a  necessary  element  of  the 
methodology,  but  is  not  enough.  If  the  methodology  is  to  be  fruitful, 
definite  test  procedures  (methods)  are  needed. 

The  principal  test  methods  are: 

the  switching  monitor  and  control  method) 

the  intermediate  measurements  method; 

the  replacement  method; 

the  external  inspection  method; 

the  comparison  method; 

the  characteristic  troubles  method. 

The  witching  monitor  and  control  method 

Vhat  this  method  amounts  to,  in  essence,  is  the  use  of  an  evaluation 
of  the  external  indications  of  the  appearance  of  trouble  to  successively 
eliminate  from  consideration  the  properly  functioning  sections  of  the  system 
by  an  analysis  of  the  channel  circuits  and  the  use  of  the  operating  switching 
and  controlling  devices,  as  well  as  the  operating  monitoring  elements 
(signal  lights,  built-in  instruments,  automatic  protective  devices,  and  the 
like). 

The  channel  is  understood  to  mean  the  aggregation  of  a  set  of  com¬ 
ponents  carrying  out  one  of  the  system’s  predetermined  functions. 

The  channel  schematic  must  show  the  concrete  cabinets,  connecting 
cables,  plugs,  stages,  contacts,  and  switches  in  the  system  carrying  the 
particular  type  of  signal.  It  differs  from  the  block  schematic  and  the 
functional  schematic  in  that  it  has  numbering  and  installation  designations 
for  the  connecting  plugs,  cables  and  contacts*  It  differs  from  the  installa¬ 
tion  diagrams  in  that  it  does  not  contain  the  cablo  runs  and  the  structural 


member* ,  and  finally,  differs  from  the  principal  schematic  in  that  it  does 
not  contain  stage  components-  The  channel  schematic  provides  adequately 
complete  information  on  the  paths  followed  by  the  signal*  We  should  note, 
however,  that  the  channel  schematic  will  not  be  completely  satisfactory 
if  it  does  not  contain  the  control  and  monitoring  components  (switches, 
adjustments  and  monitoring  components,  and  the  like)* 

Let  us  take  some  examples  of  how  the  switching  monitor  and  control 
method  is  used* 

When  &  signal  arrives  at  the  output  of  a  broadcast  receiver,  the 
receiver  oust  be  switched  to  the  record  player  mode  on  all  bands*  The 
appearance  of  aound  in  this  mode  lets  us  rule  out  of  consideration  the 
sections  of  the  circuit  from  the  17  amplifiar  input  to  the  speaker* 

If  there  are  no  signals  from  one  of  the  channels  in  the  system  at  the 
receiver  output,  the  "Automatic  Frequency  Control  -  Manual  Frequency  Control" 
switch  must  be  used,  aatting  it  to  the  JFC  position  until  satisfied  with  the 
appearance  of  signals*  The  tests  made  with  this  switching  monitor  rule  out 
of  consideration  the  signal  channel  (the  IF  amplifier,  the  detector,  the 
video  amplifier),  and  the  decision  is  made  to  make  the  next  test  of  the 
faulty  automatic  frequency  control  channel- 

The  switching  monitors  method  is  an  effective  way  to  usa  the 
successive  approximations  method*  The  method  is  fast  and  aimpla  for 
checking  assumptions  as  to  the  status  of  sections  of  a  system-  The  dis¬ 
advantage  of  the  method  is  the  limited  usa  that  can  be  made  of  it  (only 
sections  can  be  separated,  and  not  the  concrete  site  of  the  damage)* 

The  intermediate  measurements  method 
The  essence  of  this  method  is  to  compress  the  faulty  area,  or  to  find 
the  failing  components,  by  measuring  circuit  resistances,  supply  condition* , 
high-frequency  circuit  parameters,  oscillographing  voltages  and  currents 
at  the  pin  jacks,  and  at  other  points  in  the  circuit.  Measurement  results 
ana  compared,  with  charts  of  resistances,  voltages,  with  mode  tables,  and 
with  oscillograms*  This  method  is  particularly  desirable  to  use  in  the 
final  stage  of  the  trouble  shooting,  when  the  boundary  of  the  faulty  section 
of  the  system  has  been  compressed  into  a  block,  stage,  or  circuit,  and  it 
is  necessary  to  find  the  failed  component,  or  the  reason  for  the  faulty 
operation*  Built-in,  as  well  as  accessory  monitoring  and  measuring,  equip¬ 
ment  is  used  to  make  the  tests  by  this  method*  . 

The  rcplacenv^nt  method 

Individual  components  in  the  system  (blocks,  sub-blocks,  cable 
connections,  vacuum  tubes,  and  the  like)  are  replaced  by  components  known 
to  be  functioning  properly  in  order  to  shoot  trouble  by  this  method.  If 
normal  operating  indications  are  Observed  after  the  replacement,  the  con¬ 
clusion  has  to  be  that  the  competent  replaced  was  not  functioning  properly* 
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Just  vtan  this  Method  will  be  used  (bn  asking  operating  repairs  is 
determined  by  the  availability  of  spare  blocks,  units,  or  vacuus  tubes* 

The  method  is  Boot  often  used  when  trying  to  find  faulty  vacuus  tubes. 

When  the  boundaries  of  the  trouble  are  reduced  to  a  block  the  tubes  in  that 
block  are  the  center  of  attention  (since  they  are  the  least  reliable  of  the 
components).  As  a  setter  of  fact,  a  whole  new  aet  or  tubes  can  be  installed 
if  tube  Batching  is  not  required.  The  effectiveness  of  +h*a  method  is 
enhanced  in  the  case  of  sub-block  design,  and  if  e  second,  identical,  system 
is  available. 

The  advantages  of  the  replacement  method  are  the  speed  at  which  the 
check  can  be  Bade,  and  the  simplicity  of  concluding  where  the  faulty  section 
( component )  in  the  system  is  located.  The  disadvantages  are  the  possibility 
of  damaging  replacement  components,  as  well  as  s  certain  amount  of  ambiguity 
if  normal  operating  criteria  are  not  restored  after  the  component  is  re¬ 
placed. 

The  external  inspection  method 

This  method  assumes  that  a  visual  inspection  of  the  installation,  of 
the  cables,  and  of  the  other  components  will  be  made,  as  well  as  a  check 
to  see  if  these  components,  as  well  as  the  housings  of  electric  motors, 
generators,  redaction  gears,  and  tubes  are  hot,  listening  for  sparking  in 
dischargers  and  in  components  in  the  high-frequency  channel.  This  method 
is  particularly  effective  when  the  trouble  is  accompanied  by  indications 
that  a  failure  has  occurred.  The  advantages  of  this  method  include 
simplicity  and  the  use  of  visual  means  for  inspections ,  but  they  can  be  over- 
evaluated  now  and  then  and  becoem  disadvantages  when  operating  personnel 
spend  entirely  too  much  time  trying  to  trouble  shoot  ""i"g  the  external 
inspection  method. 

The  tentative  nature  of  the  findings  la  a  disadvantage.  The  trouble 
can  only  be  found  when  the  external  indications  are  clearly  defined,  so no¬ 
thing  that  does  not  happen  very  often. 

The  comparison  method 

In  essence,  this  method  resorts  to  using  a  properly  operating,  identical 
co^toeeut  and  comparing  its  operation  with  the  faulty  section  in  the  system* 
This  method  supplements  and  rinplif  Jeo  the  intermediate  measurements  method, 
and  can  he  used  when  the  components,  or  systems,  are  identical. 

Th^^hartcterintic^^troables^method^ 

The  essence  of  this  method  is  to  lock  for  the  trouble  by  using  known 
indications  that  uniquely  set  the  particular  fault  apart  from  all  others. 

A  list  of  these  faults,  and  their  indications,  is  compiled  In  the  fora  of 
a  table  that  can  be  used  for  making  repairs,  or  for  advance  studying.  The 
tabic  lists  the  frequently  recurring  faults  characteristic  of  the  particular 
system  Chopping  up  in  operation.  Those  tabulated  faults  are  usually  included 
in  the  operating  instructions. 


The  disadvantage  of  this  method  is  the  difficulty  involved  in  using  52-7 
it  in  practice  since  the  entire  list  of  fault  indicators  siflt  be  reviewed 
until  the  necessary  combination  is  found-  The  effectiveness  of  the  nethod 
depends  on  the  experience  of  the  technicians  using  it. 

13-10  The  Troubleshooting  Teat  Sequence 

Three  test  sequences  can  be  distinguished  as  applicable  to  the  task 
of  troubleshooting  in  radar  equipment-  The  need  for  so  doing  is  related 
to  the  difference  in  the  circumstances  preceding  the  troubleshooting,  and 
to  the  nonidentity  in  the  probability  of  one,  or  of  several  faults  occurring 
simultaneously.  Knowledge  of  the  characteristic  circumstances  very  ouch 
simplifies  the  initial  stage  of  the  troubleshooting. 

The  following  premises  (cases)  can  be  distinguished ' 

premise  I  -  when  signs  of  trouble  appear  as  soon,  as  the  system 

is  cut  in; 

premise  II  -  when  signs  of  trouble  appear  during  normal  system 

operation; 

premise  III  —  -when  the  trouble ,  without  regard  for  time  of 
appearance,  is  accompanied  by  indications  of  an  emergency. 

The  troubleshooting  test  sequence  when  trouble 
occurs  after  the  system  is  cut  in 

Trouble  associated  with  premise  I  above,  occur  most  often  because 
transportation,  opening,  and  adjustment  operations  are  not  carried  out 
according  to  the  rules-  Too,  there  is  quite  a  good  probability  that  several 
faults  will  show  up  simultaneously-  Hsnce,  toe  troubleshooting  sequence 
should  be  as  follows- 

If  one  is  to  retain  one's  perspective  when  analyzing  the  criteria 
associated  with  the  trouble,  the  correctness  of  the  installation  in 
accordance  with  the  original  provisions  for  switching  and  monitoring  do  vices 
Mist  be  checked  very  carefully  as  a  first  step.  Improper  installation  can 
be  t ha  cause  of  false  information  with  respect  to  abnormal  system  operation- 

For  example,  if  one  were  to  simply  set  the  "Automatic  Frequency 
Control  -  Manual  Frequency  Control"  switch  on  the  radar  receiver  panel  in 
the  "Manual  Frequency  Control”  position,  one  would  be  able  to  reject  out 
of  hand  the  appearance  of  an  indication  of  false  trouble,  that  of  loos  of 
observability  over  this  channel- 

If  some  of  the  syvtonm  are  not  cut  in  in  the  proper  sequence,  false 
indications  of  trouble  can  appear,  and  in  individual  cases,  so  too  can 
failure*. 

The  first  thing  that  is  necessary,  therefore,  is  to  eliminate  the 
effect  of  possible  de  tunings;  and  to  check  the  supply  source  voltages, 
mindful  of  safety  regulations  while  so  doing- 
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If  th<3  resulta  are  nr$«tire  an d  oortaal  equipment  operation  la  not 
restored,  tbe  search  for  the  daaaged  co^onent  £o  mde  as  foilovs. 

Using  the  nvitehes,  adjustment  devices ,  oonitoring  equipoent,  end 
the  channel  acheeitic,  as  veil  SO  the  switching  aofiitors  Method,  reduce 
the  boundaries  of  the  faulty  section  in  the  ays  tea  to  the  m-fusTm  extent 
possible  (right  down  to  the  stage)* 

Hawing  rid  the  preceding  tests  of  the  indications  of  false  faults, 
the  effect  of  de tunings,  and  of  abnormal  supply  conditions,  and  haring 
separated  the  faulty  section  of  the  systea  (channel,  block,  stage)  ,  it  is 
now  necoM»ry  to  turn  to  the  principal  adwwtic  of  the  section  (component) 
and  auk*  an  analysis  of  the  indications  of  damage,  and  the  possible  causes 
thereof.  At  the  same  tine,  the  ensuing  test  sequence  is  planned  and  the 
oost  rational  test  methods  selected.  The  damaged  component  is  found,  and 
the  cause  of  the  failure  established,  using  the  intermedinte  measurements 
method,  or  other  methods.  After  the  damage  has  been  eliminated,  the 
monitor  measurements  in  the  circuits  that  have  been  repaired  must  be  made 
in  order  to  check  conditions  and  parameters  and  to  tune  and  adjust  the 
restored  component  to  its  full  correspondence  with  the  specified  operating 
instructions.  This  set  of  rules  is  sufficiently  general  for  use  in  trouble¬ 
shooting  in  different  types  of  systems. 

The  troubleshooting  test  sequence  for  troubles 
arising  during  normal  system  operation 

In  the  case  of  premise  II,  the  probability  of  several  faults  occurring 
at  the  seam  time  is  slight.  Obviously,  then  the  1st  and  2d  stages  of  the 
sequence  considered  can  be  omitted.  Troubleshooting  aunt  begin  by  interro¬ 
gating  operating  personnel  as  to  the  circumstances  that  brought  on  the 
trouble.  This  information  can  be  useful  becuase  it  will  develop  incorrect 
actions  taken  by  operators  or  technicians.  Then  an  analysis  of  the  symptom a 
of  abnormal  operation,  and  further  tests,  are  made  in  accordance  with  the 
sequence  set  forth  above. 

The  troubleshooting  test  sequence  for  troubles 
accompanied  by  indications  of  an  emergency 

The  first  step  to  be  taken  when  there  are  unmistakable  signs  of 
emergencies  is  to  cut  out  the  system.  Once  cut  out,  tbs  section  in  which 
the  emergency  occurred  must  bo  given  an  external  inspection.  -There  are 
individual  cases  when  the  signs  of  the  emergency  are  ill-defined,  and  in 
such  cases,  it  is  necessary  to  pinpoint  the  damaged  section,  and  than  cut 
out  the  system  (or  part  of  it).  The  damaged  component  cannot  be  replaced 
until  the  reason  for  the  faulty  operation  hag  been  established. 

The  general  methodology  does  not  free  one  from  talcing  a  subjective 
approach  to  the  troubleshooting  process.  The  basis  for  the  process  is 
logics?  thought  and  a  knowledge  of  the  system  in  need  of  repair. 


Figure  1J.4  ia  th«  trtxib  lea  hooting  sequence  (algorithm)  for  tiw 
general  ease  (pnaiat  I  above)*  The  algorithm  makes  it  possible  to  pro¬ 
gram  an  all -purpose  troubleshooting  electronic  cosqsiter  for  concrete 

a  i  sepias. 


A  -  Analysis  of  indications  of  normal 


system  operation 


B  -  Restoration  of  indications  of  noraal 
operation  by  control  and  tuning  organs 


C  -  Detecting  tbe  faulty  component 


D  -  Analysis  of  tbo  reason  for  tbe  fault 


E  -  El  initiation  of  the  fault 


F  -  Tuning  and  checking  ay  a  tea  operability 


Figure  13-4  The  troubleshooting  sequence  in  tbe 
general  case. 

13*11  Safety  JPrB^nitionaJjhCTSerdcingRfldar^ui^rnt 

Table  13.3  lists  tbe  nature  of  tbe  action  of  an  electrical  current 
on  man,  according  to  tbe  type  and  magnitude  of  the  current  flouring  through 
him. 

A  voltage  of  40  volts  is  taken  to  be  a  safe  voltage* 

Systematic,  long-term  and  continuous  irradiation  of  tbe  human  organism 
by  high-frequency  electromagnetic  fields  in  the  form  of  high-  and  superhigh- 
frequency  pulses,  as  veil  as  in  tbe  form  of  simple  high-frequency  oscillations, 
car,  have  an  unfavorable  reaction  on  the  human  organism.  The  hygienic 
standards  for  super-high-frequency  irradiation: 

must  not  be  in  excess  of  10  aicmratts/cs"  in  the  case  of  irradia¬ 
tion  for  an  entire  working  day,  which  figure  is  tbe  magnitude  of  the  power 
density: 

bo  mors  than  100  sdcrowstts/em  in  tbe  ease  of  -irradiation  for 


2  boors: 


2 

no  aora  than  loco  aicnintti/ci  for  irradiation  for  12  to  15  < 

minutes  under  condition*  in  which  the  uae  of  protect  ire  goggles  is  mandatory  I 
when  protective  clothing  and  goggles  are  used  tba  level  of  the 
electromagnetic  field  can  be  attenuated  30  db. 

Table  13.3 

Nature  of  the  effect  of  an  electrical  current 
on  nan 


CuiTtmt ,  mm 


Nature  of  tin  effect  of 


50-60  cycle  AC 


DC 


9*6  -  1.5 

2-3 

5-7 

8-10 


20-35 


50-80 


90-100 


3000  and 


Beginning  of  aenaation ,  alight 
ahaking  of  the  band 
Fingers  a  hake  badly 
Spasms  in  hands 

Difficult,  but  still  possible  to 
tear  the  hands  my  from  the 
electrodes.  Severe  aching  of 
fingers,  wrists  and  hands. 

Hands  becoms  paralysed  slowly. 

It  is  impossible  to  tear  the 
hands  away  from  the  electrodes. 
Very  severe  aching.  Difficulty 
in  breathing. 

ft-eathing  paralysed.  Onset  of 
palpitations  of  the  heart 
ventricles. 

Breathing  paralyzed.  Whan  for 
3  seconds,  or  longer,  paralysis 
of  the  heart,  palpitation  Cf  its 
ventricles. 

Breathing  and  heart  paralyzed 
when  the  action  is  for  longer 
than  0.1  of  a  second. 

Destruction  of  body  tissues  by 
tbs  beat  from  the  Current. 


No  sensation 

No  aenaation 

Itching,  sensation  of  heat 
Intensification  of  heat 


Even  greater  intensifi¬ 
cation  of  heat,  slight 
contraction  of  hand 
■use lea. 

Great  aenaation  of  heat. 
Contraction  of  hand 
■CSC lea.  Spasms,  diffi¬ 
culty  in  breathing. 
Breathing  paralysed. 


The  irradiation  doses  are  determined  by  the  power  density  of  the 
superhigh-frequency  oscillations. 

The  power  density  II,  on  the  electrical  axis  of  an  antenna  in  the 
far  zona  can  be  courted  through,  the  fowls 


XI  a  P^/V^tflR2  [atferowat  ts/ CM2  3 


(13.33) 
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in  the  average  radiated  power  la  «li  crows  ttej 
R  is  the  distance  fra  the  antenna  to  the  site  whan  tha 
operating  personnel  are  working,  in  oei 
C  Is  the' antenna  gain. 

the  forwil*  at  (13.2})  is  only  correct  for  the  far  zone,  that  la. 


H  *  V^A’ 

<bw» 

L-  is  the  horizontal  diMniion  of  t be  antenna  mirror,  in.  c»i 
is  the  vertical  dlsmsion  of  the  sotexana  mirror.  In  cm{ 

X  is  the  wavelength,  in  cs. 

With  the  antenna  radiation  pattern  taken  into  consideration ,  for  any 
direction  in  the.  far  zoos 

XI  .  P^G/imR2  r  (<p«,  0«),  (13.24) 

where 

g*  Is  the  azimuth  to  tha  personnel  irradiated  with  respect  to  the 
■awineia  irradiation; 

0*  Is  the  elevation  angle  of  the  personnel  irradiated. 

Accidents  can  be  avoided  if: 

Maintenance  la  not  permitted  on  equipment  carrying  dangerous 
roltage  (over  40  wo  Its) ; 

zones  in  which  it  is  assumed,  or  found,  that  radiation  pomr 
is  in  excess  of  1  milliwatt /a2  are  considered  dangerous; 

danger  zones  are  surrounded  by  warning  signs  and  the  presence 
in  then  of  operating  personnel  is  forbidden  except  in  cases  of  extreme 
emergency  (and  then  only  for  the  alnlmia  time  needed); 

radiators  (antennas)  are  not  directed  at  living  spaces; 
protective  devices  (equipment  for  collective  and  individual 
protection)  against  irradiation  are  used; 

protective  goggles,  gloves,  and  aprons  arm  used  whan  raplacing 
catbods  ray  tabes. 
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Chapter  XIV 

Electrical  and  Radio  Measurements 


l4.1.  General  Provision*  lor  Heajmrencnta  and  Measurgaeot  Units. 

The  International  Syitcn  of  Unitg  (SI),  Bela  and  Dccibela. 

Electrical  and  radio  neaaurcuuit a  are  a  division  of  the  general  science 
of  a«iJurcaent«T  metrology,  md  study  Methods  for  use  in  nuking  experimental 
determinations  at  various  electrical  and  radio  engineering  characteristics, 
and  the  corresponding  equipment. 

Measurement  is  a  perceptional  process  involving  the  making  of  a  com¬ 
parison  bet v©en  a  physical  experiment  concerned  vith  acme  specific  magni¬ 
tude  and  certain  of  its  values  adopted  as  the  unit  of  comparison.  In 
principle,  it  ia  Impossible  to  make  a  measurement  without  the  establishment 
of  units. 

If  one  selects  at  least  three  physical  magnitudes,  X,  Y,  and  Z,  arbitrarily 
and  independently,  to  represent  certain  basic  properties  of  the  material 
world  (say  length,  mass  and.  time),  all  other  magnitudes  co ‘Id  then  be  ex¬ 
pressed  in  terms  of  these  arbitrarily  selected  magnitudes  sod  represented 
in  the  form  of  a  product  o£  the  type 

G  m  KlftqZ?:,  (l4.l) 

where, 

p,  q,  r  are  whole  numbers,  or  fractions,  positive,  or  negative; 

k  is  the  proportionality  factor. 

Given  an  arbitrary  selection  of  units  for  measuring  basic  physical 
magnitudes,  one  can  find  the  derived  units  for  measuring  all  physical  magni¬ 
tudes  through  equations  such  as  these. 

A  set  -of  measurement  units  is  called  a  system  of  units. 

On  1  January  1963,  State  Standard  9867-61  Introduced  the  International 
System  of  Units  (SI)  in  the  Soviet  Union.  This  is  the  International  System 
adopted  at  the  XI*  General  Conference  on  Measure  and  Weights  (i960)- 

In  Accordance  with  this  Standard,  tho  International  System  of  Units 
should  be  given  preference  over  other  system*  of  units  (the  CSS,  the  MKGFS, 
and  others). 

In  the  SI  system  the  basic  units  ere  the  meter,  kilogram,  second,  degree 
Kelvin,  mspere,  and  candle. 

Ihe  electrical  and  radio  measurement  system  of  electrical  units  known 
as  the  MKSA  (meter,  kilogram,  second,  ampere),  and  widely  used  in  practice. 

Is  part  of  the  SI  system. 

Introduced  In  the  so-called  rationalised  MKSA  system  has  been  the  cog— 
vers  lor  of  Use  formulas  for  the  electromagnetic  field  equations.  Involving 
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the  introduction  of  the  factor  4tt  in  the  denominator  of  Coulomb* a  law* 

This  factor  has  disappeared  from  the  many  formulas  encountered  in  practice, 
he merer* 


Basic  Units  in  the  MKSA  System 

The  meter  (m)  is  a  unit  of  length..  (  a) ,  a  length  equal  to  1650763*73 
wavelengths  in  a  vacuum  of  radiation  correspond ing  to  the  transition  be¬ 
tween  levels  2p10  and  5d^  of  an  atom  of  krypton  86* 

The  physical  basis  for  expressing  the  meter  in  lengths  of  light  waves 
is  the  radiation  by  an  excited  atom  of  a  quantum  of  light  with  constant 
frequency 

y  — 


where 

h  is  the  Planck  constant; 

E^  and  are  the  possible  values  of  the  energy  of  the  atoms,  called 
energy  levels* 

The  selected  unit  of  length  (the  meter,  in  particular}  can  be  expressed 
in  terms  of  the  wavelength  corresponding  to  a  particular  frequency,  y* 

The  transition  from  the  international  platinum-iridium  standard  to  the 
newly  established  meter  (i960)  resulted  is  increasing  the  accuracy  with 
which  units  of  length  can  be  reproduced  by  a  factor  of  almost  100* 

The  kilogram  (kg)  is  a  unit  of  mass  (a)  represented  by  the  mass  of 
the  international  prototype  of  the  kilogram  (a  platinum  weight  with  a  mass 
close  to  the  mass  of  one  cubic  decimeter  of  water  at  4°C)  * 

The  second  (sec)  is  a  unit  of  time  (t),  the  1/31556925*9747  part  of  a 
tropical  year  for  1900,  January,  0  to  12  hours  ephemeral  time* 

The  transition  from  the  determination  of  the  second  as  1/86400  part  of 
mean  solar  days  to  the  present  determination  (i960)  is  related  to  the  estab¬ 
lishment  of  the  presence  of  irregular  changes  in  the  period  of  rotation 
of  the  earth  on  its  axis*  The  tropical  year  is  the  interval  between  two 
vernal  equinoxes*  The  ostroncmical  determination  of  the  date  corresponds 
to  noon  and  31  December  1899,  while  ephemeral  tins  is  taken  as  the  time 
used  to  compute  the  ephemerides,  the  coordinates  of  heavenly  bodies* 

The  ampere  (a)  is  a  unit  of  current  strength  (X) ,  the  strength  of  an 
unchanging  current  which,  when  flowing  along  two  straight  parallel  con¬ 
ductors  of  infinite  length  and  of  negligibly  small  cross  section,  located 
at  a  distance  of  1  meter  apart  in  a  vacuus,  would  create  a  force  between 
these  conductors  equal  to  2  x  lo"^  units  of  force  in  the  International 
•System  for  each  meter  of  length* 
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Table  14.1 

Generally  Used  Derived  tJr.it fl  in  the  MK5A 
System  (rationalized) 


Name  of  physical 
Magnitude 

Foraul as  far 
dependency 

Dimension  of 

Unit* 

Nan  of  unit 

menu  cal  magnitudes 

Quantity  of 

Electricity 

Q-It 

sec  x  t 

Couloub  (c) 

Electrical 

Voltage 

U-A*/Q 

2  _  -3-1 

■  ♦kfl-oec  «e 

volt  (v) 

Electrical 

Power 

P»UI 

2  -3 

B  ‘kfl^MC 

watt  (») 

Electrical 

Capacity 

C^Q/U 

-2.-1  4  2 

■  ♦kg  *ecc  *a 

farad  (f) 

Electrical 

Resistance 

R.U/I 

2  -3-2 
■  *  kg  sec  *a 

o im  (o) 

Electrical 

Conductivity 

g-l/R 

-2-1  3  2 

■  *kg 

Siemens  (S) 

Electrical 

Field 

Intensity 

E.U/a 

■•kg.»ec“^*a“^ 

v/« 

Dielectric 

Constant 

C^-aC/S* 

3.-1  4  2 

n  *kg  *s©c  .a 

tfm 

j  MAGNETIC  MAGNITUDES 

Magnetic 

Induction 

FlUX 

* 

2  -2-1 
■  4cg*»ec 

Weber  (V) 

Magnetic 

Induction 

B-i/S* 

-2  -1 
kg«*ec  .a  4 

Tesla  (T) 

Magnetic 

Field 

Intensity 

Inductance 

H-I/2HS 

L— Ej/di/dt 

-1 

■  •* 

J  ^  -2-2 

r*kg«MC  -e 

«/■ 

benry  (l) 

Complete  tables  of  derived  units  ere  contained  in  GOST  6033-56, 
"Electrical  and  Magnetic  Units. " 

Kiltiples  and  fractions  of  unit*  (Table  14.2)  can  be  formed  by 
multiplying,  or  dividing,  tie  basic  or  tho  derived,  units  by  a  sasfeer  vbicb 
in  a  power  of  base  10. 


*  imati  S-araa )  »  — *  of  self-induction. 


HA-015-68 


525 


Table  14.2 

Trtfiio  for  Forming  Multiples  and  Fractions 
of  Units  (COST  7663-55) 


Prefixes 
for  mul¬ 
tiple  units 

Relationship 
to  basic  unit 

Designation 

Prefixes 
for  mul¬ 
tiple  units 

Relationship 
to  basic  unit 

: 

Designation 

10“ 

T 

deci 

10-1 

d 

gige 

109 

G 

cent! 

10*2 

c 

■ega 

106 

M 

mini 

10~3 

m 

kilo 

lo3 

k 

micro 

IO*6 

M 

hoc  to 

lo2 

h 

pwtwt 

10*9 

n 

deca 

10 

da 

pieo 

10"12 

P 

Itato* 

10-15 

r 

•18 

atto* 

10 

A 

Bale  and  Decibels 

Bela  and  decibels  are  logarithmic  units  of  measurement  in  vhich  it 
has  been  accepted  to  express  poser  or  potential  gradients  (magnitude's  of 
amplification,  attenuation,  decay,  and  the  like). 

The  mmsber  of  bels,  S,  can  be  found  as  the  common  logarithm  of  the 
ratio  of  two  compared  yueors 


S  -  log  P^j.  (14.2) 

Vhen  Pz  >  Px  (amplification),  S  is  *,  vbcu  P2  <  (attenuation), 

S  is 

A  decibel  is  1/10*  of  a  bel.  The  power  gradient  in  decibels  can  be 
com ycted  through  the  formula 

S  =  10  log  (14.3) 

A  magnitude  in  decibels  is  often  fesd  from  a  conditional  initial  level 
such  as  1  watt,  1  megawatt,  or  IO  niexmrstto. 

The  poser  gradient  in  terms  of  potential  (given  the  condition  of 
equality  of  the  resistances  on  which  these  powers  are  baaed)  can  be  found 
through  the  formula 

S  *•  30  log  (14.4) 


*  The  prefixes  nfemton  and  "at to”  will  be  brought  in  aa  additional  prefixes 
in  accordance  with  the  r  nr cmmmd atiotia  of  the  International  Committee  on 
Measures  and  Weights  (1962). 
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rijui  e 


a)  ratio  P^/Pj  or  b)  decibels  (db); 

c)  far. 


A.  log  slide  rule,  or  tables,  can  be  used  to  find  the  logs  of  the  num- 
bers  when  making  the  computations. 

Special  tables  and  graphics  can  also  he  used  to  find  the  power  gradient 
directly  in  decibels- (see  fig.  l4.i  and  Table  14.3). 

In  this  case  the  power  ratio  must  bo  represented  as  the  product  of  a 
factor  (less  than  10)  by  a  power  of  10.  Then  the  power  gradient  cam  be 
found  a a  the  «■  «f  decibels  corresponding  to  the  factor  (from  the  graphic) 
and  tha  decibels  corresponding  to  the  powers  of  ten  (from  the  table) . 

For  example 


a  300  watts,  P2  -  30  microwatts! 
Pa/P1  -  1.67  *  10-7, 


S  -  2.2-70 


67.8  db. 
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Table  14.3 


Jinding  tb«  Power  Gradient  in  Decibels 


p, 

7T 

it-*) 

.  ,  tlTTCM 

P 1  W,WI 

WOltJ;  e5 

IICPCRM 

b)«ci*ncn 

c, 

p. 

^ 

.\  fHp«M 
DjHimecTii 

_  1  r> 

,  ntp««M 

WWWBCTW 

10“ 

.  IOO* 

'  200 

io— 

-10 

■ 

-20 

lC* 

90 

-  ISO 

io-» 

—  20 

:  —  40 

10* 

B0  * 

•  160  : 

10— 

—  30 

—  60 

10* 

70 

140 

10— 

—  40  ■ 

—  SO 

'•  io 

GO  > 

120 

10-* 

—  50 

—  100  . 

10»  • 

*  SO  .. 

100 

10— 

— "60 . 

-  120 

16* 

.40  ’  . 

*0 

10— 

—  70 

—140 

10* 

■  30 

.  :  60 

10— 

—  vy 

—160 

10* 

-  20 

«  . 

10— 

—  90 

—180 

.10 

l  o. 

,  ■  J0 

:o-w 

—100 

,  —200 

r  . 

0 

0 

■  *■" 

a)  or;  b)  power  gradient ;  c)  fdb]. 


14.2.  Meaaurcwcnt  Errors 

Jny  measure®  eat,  no  natter  bow  accurate,  and  how  carefully  made, 
will  hare  errors.  Conversely,  identical  Results  from  repeated  Measure¬ 
ment  of  a  single  magnitude  indicate  low  accuracy  on  the  part  of  the  met  era 
used,  for  it  is  assumed  that  snail  changes  are  hard  to  detect. 

The  absolute  error  in  a  measurement,  x^,  is  the  difference  between 
the  instrument  reading,  a,  and  the  true  value  of  the  magnitude  being 
measured,  X 

X-  »  ai  -  X.  (14.5) 

The  absolute  error  in  metrology  is  designated  by  the  symbol  A* 

A  correction  factor  is  the  absolute  error  taken  with  the  opposite 


sign 


-a  -  x  -  (it-6) 

The  relative  error  in  the  ratio  of  the  absolute  error  to  the  true 


value  of  the  magnitude  being  measured 


*=-|--100«~-j-100M.  • 


*(•14-7) 


Vhen  the  relative  erx*ur  is  small  it  is  mere  convenient  to  express  it 
directly  in  relative  magnitudes,  using  the  form  of  inscription  ±  3*1C~^» 

A.  reduced  cirur  is  the  ratio  of  the  absolute  error  to  the  upper  (face) 
value  of  the  readings  tor  the  particular  meter 

S_  -  A/a,  *  100*. 
r  x 


(14-8) 
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Errors  can  be  broken  down  into  three  groups  on  the  basis  of  the 
characteristic  in  the  behnrior  pattern  of  their  occurrence. 

1.  Systematic  errors  remaining  during  the  measurement  process,  con¬ 
stant  or  changing  in  accordance  with  some  definite  law.  They  can  be  broken 
down  into  instrumental ,  the  result  of  the  limited  accuracy  of  the  meters, 
personnel,  the  result  of  the  imperfections  in  the  sense  organs  of  the 
observer,  external.,  the  result  of  changes  in  the  external  anvirotseent 
(temperature ,  moisture,  pressure,  etc.),  and  errors  in  method,  the  result 
of  inadequate  development  of  the  method,  or  the  result  of  incomplete  know¬ 
ledge  of  all  the  factors  associated  with  the  particular  measurement. 

These  must  be  avoided  b7  eliminating  the  reasons  why  they  occur,  or 
by  the  introduction  of  correction  factors.  The  presence  of  systematic 
errors  fixes  the  correctness  of  the  measurements. 

2.  Random  errors,  unavoidable  when  making  measurements,  and  relatively 
•Ball  in  magnitude.  In  the  case  of  precise  measure® certs  che  mathematical 
processing  of  a  series  of  individual  results  (a^)  of  the  measurement  of  the 
seme  magnitude  should  be  taken  into  consideration.  The  most  probable  result 
of  ths  maasmrement  is  tha  average  of  an  aritinetieal  series  of  i 


2- 


(14.9) 


a  U  tha 

The  ntn 


of  repaxt^d  ■Banrimtii, 

error  in  the  ererage  Arithmetical  Talus  equals 


.vii 

serifcf  > 


(14.10) 


<i  »  a^  -  a^  is  the  residual  error  which,  in  the  case  of  a  sufficiently 
large  number  of  measurements,  fixes  the  random  error  as 
•  result  of  the  measurement. 

The  presence  of  random  errors  fixes  the  accuracy  of  the  Measurements 

3.  Blunders  (gross  errors)  occur  as  a  result  of  aiccocsxtings  con¬ 
sidered  probable  during  measurements.  Blunders  are  meavtrmate  with 

'i  >  ^series 

Blunders  moat  be  discarded*  Their  absence  dvtnxinv  the  t*1  Idity  of 

the 


Cm  at'i'ur  cm  the  meter fs  certificate  is  used  to  evaluate  the 

contained  in  one-time 
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In  tbe  case  of  indirect  nrasui  vueit  s ,  'when  the  result  is  found  by 
computations  based  on  direct  measurement:!  of  auxiliary  ■agaitndea,  the 
error  can  be  evaluated  through  the  fonulft 


l  — 


(14.12) 


where 

6^  is  the  error  in  measuring  one  of  the  m  auxiliary  magnitudes. 

For  example,  when  voltages  are  measured  with  a  vacuum  tube  voltmeter 
type  V4-2  (VJJ-J),  with  a  1:10  divider  there  are  .to  independent  errors; 
the  basic  error  in  the  measurement  (±3^  of  the  upper  limit  of  the  scale) 
and  the  error  in  the  voltage  divider  (±2)>  of  the  magnitude  measured).  Mow, 
it  the  measurement  is  of  400  volts  ou  the  50  X  10  -  500  volta  scale,  m  have 
a  basic  Dcasureacnt  error  of. 

±  ■=■  ±  15  volts 


and  a  divider  error  of 


,  2-<00 

±_B5— = 


4.  jj  VOltS. 


The  sunned  error  is  >•=  *  Kl5*+8»- ±  17  volts  and  the  result  of  the 
measurement  should  be  written  U  -  400  i  17  volts. 

In  mspy  cased  the  relative  errors  are  expressed  in  decibels,  rather 
in  percentages.  In  order  to  coavert  the  values  of  the  errors  from 
one  of  tbe  magnitudes  to  the  other  we  can  use  the  fnnstlas 


l  IS]  -  100[anti!g  -  l)j  (14.14) 

As  is  often  the  case  in  practice,  the  values  are  tabulated  as  in 
Table  l4.4. 


Table  l4.4 

Cocroraion  ot  errors  from  decibels  Into  perc«itcoe 


'  db 

0,01 

0.1  | 

0,15  | 

0,2 

■V] 

0.3  | 

J,0 

1,2  j  1,5 

•k 

0.2  1 

[  2.3  i 

L±i 

■1,7 

liv  •' 

|  20,2 

»,» 

j  31,8 

t:,3- 
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lA„3.  Direct-reading  electrical  injtrta<nt» 

Direct -reading  electrical  instruMOti  ars  the  group  of  devices  and 
Bcchonisas  for  making  direct  leMurramta  of  acme  electrical  magnitude. 

These  inatnaenst  have  a  needle,  or  an  optical  device,  and  a  stale  for 
reading  the  indication. 

The  instruments  in  the  electrical -mechanical  groups  are  the  ones  moat 
widely  used  in  practice.  They  can  be  broken  down  into  systems  ouch  ad 
moving-coil,  moving-iron,  electrodynomic,  induction,  and  electrostatic* 
Galvanometers  (tho  most  sensitive  of  all  the  instruments)  and  logo- 
meters  (meters  for  measuring  the  relationship  between  two  magnitudes)  too 
are  built  on  these  systems. 

Basic  engineering  features  of  the  various  systems  are  listed  in  Table 

14.5* 

The  accuracy  class  to  which  a  direct -reeding  instrument  belongs  is 
characterised  by  the  maximum  basic  reduced  error,  expressed  in  precent. 
Instruments  are  broken  down  into  eight  accuracy  classes:  0-05;  0*1;  0*2; 

0.5;  1-0;  1-5?  2-5?  4.0. 

The  maximum  absolute  error  in  measurements  mado  by  a  direct-reading 
instrument  is  constant  for  the  entire  scale,  but  the  relative  error  in¬ 
creases  with  reduction  In  the  majpiitude  measured. 

The  system  to  which  the  instrument  belongs,  the  accuracy  classification, 
type  of  current,  and  many  of  the  other  of  the  instrument* s  characteristics 
am  designated  by  convent  local  symbols  on  the  face  (usually  on  the  scale)* 
The  main  conventional  symbols,  conforming  to  GOST  1 84 5“ 59,  are 
listed  in  Figure  14.2 

The  conventional  symbols  from  preceding  GOSTs,  differing  from  those 
indicated,  are  shown  in  Figure  l4._». 


Table  l't.5 

Basic  Engineering  Characteristics  of  the  Various  Systems 
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Figure  14. 2.  Main  conventional  syobols  on  instruBent 
gain  (GOST  1843-59). 
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L.  Seme,  for  standard ixmt  ion  in 
percentage  of  length  of  -scale 

M.  Normal  scale  position: 

horizontal 

-vertical 

tilt  at  an  angle  to  the 
horizon  of 

N.  Direction  in  vfaicb  lnatrnaent 
is  oriented  in  the  earth's 
Bagnetic  field 

O.  KeuuraKnt  circuit  for  testing 
with  a  voltage  of  approximately 

2  kilovolt* 
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P.  Inst  run  cut  will  not  6c 
required  to  teat  insulation 
strength 

Q.  Danger!  Insulation 
strength  does  not  cor¬ 
respond  to  standards 
(symbol  in  red) 

R.  Electrostatic  instrument 

S>  Vibration  meter 

I.  Thermal  converter,  insulated 

U.  Thermal  converter,  non- 
insulated 

V.  Rectifier,  semiconductor 

V.  Electronic  converter 

X,  Protection  against  external 
electrical  fields 

Y.  Protection  against  ext  err  el 

electrical  fields 


Z.  Attention t  See  supplemental 

readings  on  the  instrument  card 
and  in  the  operating  instructions 
AA.  Symbol  for  type  of  current; 
direct  current 
alternating  (single  phase) 
current 

direct  and  alternating  currents 
three— phase  current 
three-phase  current  with  unequal 
phase  loads 

BB.  Climatic  stability: 

for  dry,  nnheated  spaces 
for  field  and  marine  con- 
d  it  ions 

for  a  tropical  climate 
(symbol  placed  after 
instrument  type) 
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Figure  14.3-  Conventional  symbols  on  the  scales  of 
iartnmmta  from  preceding  GOSTS. 
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14.4.  Measurement  of  electrical  parameters 

Table  14.6  lists  deta  ou  the  principal  methods  need  to  measure  the 
various  electrical  parameters. 

14.5.  Oscillography 

Loop  (up  to  10,000  hertz)  and  electron  oscillographs  (up  to  tens 
and  hundreds  of  megahertz)  are  used  to  observe  and  invest! get e  the  shapes 
of  couples  oscillations. 

Electron  oscillographs  are  used  to  observe  the  shapes  of.  and  to 
measure,  the  amplitudes  and  durations  of  periodic  and  pulse  voltages  and 
currents,  the  amplitude  modulation  factor,  the  oscillation  frequency  and 
the  phase  shift,  and  to  investigate  various  characteristics. 

The  modern  electron  oscillograph  is  a  complicated  instrument  and  a 
set  of  basic  rules  must  he  observed  when  it  is  used: 

the  type  and  frequency  (duration)  of  the  sweep  must  be  selected  in 
accordance  with  the  process  being  investigated; 

amplifier  must  not  be  overloaded;  it  Is  always  best  to  work  with 
the  maxamaa  division  factor  at  the  input ; 

the  magnitude  of  the  oscillogram  should  be  set  by  adjusting  the 
gain  to  2/3  to  5/4  ths  size  of  ths  screen; 

minimus  synchronized  nplitude  should  be  used; 

should  always  work  with  irinim  brilliance  and  good  focus,  since 
this  will  not  only  preserve  the  tube,  but  will  also  improve  measurement 
accuracy. 

The  only  way  to  investigate  pulse  voltages  with  high  pulse  ratios  is  by 
using  a  driven  sweep. 

Radio  frequency  pulses  with  a  pulse  rate  in  excess  of  the  upper  limit 
of  the  oscillograph  pass  band  can  only  be  observed  after  preliminary 
detection.  The  envelope  of  the  radio  frequency  pulse  is 'observed. 

Voltage  is  measured  by  making  a  comparison  with  a  known,  calibrated, 
sinusoidal  voltage  forming  the  same  size  vertical  oscillogram  as  the 
voltage  under  investigation. 

Current  is  measured  indirectly  by  the  voltage  drop  across  e  known 
resistance. 

Width  is  measured  by  counting  the  number  of  calibrated  markers  with 
known  width  formed  by  the  sweep  during  the  supply  of  a  sinusiodal  voltage 
from  the  width  calibrator  to  the  control  grid  (or  cathode)  of  the  tube. 

The  measurement  error  in  the  case  of  the  oscillograph  is  an  average 
±5  to  10*. 
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14.6.  Measuring  generators 

Special  sources  of  supply,  called  measuring  generators,  are  widely 
used  as  auxiliary  devices  for  making  electrical  and  radio  frequency  ae*« 
sureoents. 

A  brief  listing  of  data  for  the  main  groups  of  measuring  generators 
is  contained  in  Table  14.7. 

14.7,  Basic  measurements  in  electronic  equipment 

Measuring  instruments  are  used  during  tbe  operation  and  troop 
repair  of  electronic 1  equipsoit  for: 

monitoring  tbe  Match  between  the  mein  parameters  of  the  equip. eat 
as  s  whole,  and  of  the  individual  units,  with  their  rated  values; 
tuning  the  equipment ; 
detecting  faulty  operation. 

The  results  of  the  Beasuremnts  are  renpared  with  conditions  and 
parameter*  set  forth  in  the  service  manuals,  or  in  the  operating  in¬ 
structions,  and  particularly  with  the  so-called  voltage  and  resistance 
charts  which  show  the  rated  values  of  these  parameters  for  different 
points  in  the  circuit.  It  should  he  borne  in  mind  that  the  voltage 
charts  are  Bade  up  for  taking  measurements  with  an  instruxent  with  a 
definite  internal  resistance  {usually  cne  of  the  types  of  mspere-volt- 
meters) ,  so  when  the  Measurements  are  taken  with  other  inatnaenta  the 
readings  can  differ  considerably  frees  those  indicated  on  the  chart. 

One  of  the  basic  requirements  imposed  on  electrical  and  radio  fre¬ 
quency  Measuring  devices  is  that  there  amwt  be  no  interference  with  the 
circuit  under  investigation  when  tbe  devices  are  inserted  in  the  circuit. 
This  requires  ant  can  be  satisfied  when  the  input,  or  output,  impedance  of 
the  instrument ,  Z^,  is  equal  to  the  resistance  of  the  circuit  when  dis¬ 
connected  at  the  tine  of  Measurement,  2^^: 


Zin  ‘  Zdi»*  Cl4*15) 

When  voltmeters  and  oscillographs  arc  inserted  in  a  circuit  from  which 
nothing  has  been  disconnected  (ZAfm  -  «0  this  requirement  reduces  to  a 
need  to  increase  the  instnnent  input  impedance.  This  impedance  should 


be  niniaol  for  ammeters  (2^.^  •  g). 

When  other  Measuring  devices  are  used  the  requirement  that  Z^  « 
is. satisfied  if  special  transient  .etching  devices  are  used. 

Transient  Matching  devices  in  the  low  and  high  frequency  ranges  are 


ude  in  the  fox.  of  a  combination  of  lumped  pure  resistance  and  capacitance, 
computed  accordingly.  Example*  of  transient  matching  devices  for  this  range 
are  shown  in  Figure  14.4 


Main  Groups  of  Meaeuring  Generetors 

of  Group  Oscilletion  Generated  Purpose  Basic  Engineering  Characteristics 
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When  Che  treneient  Batching  devices  contain  R  or  C  ,  the  voltage 

d  a 

across  the  transient  device  output  win  differ  froea  the  voltage  across  its 
input,  and  this  has  to  be  taken  into  consideration  in  nony  measurements. 

When  the  measuring  device  (such  as  a  measuring  generator,  for  eousple) 
■ust  be  used  under  a  definite  load  this  too  Bust  be  taken  into  considera¬ 
tion  when  c computing  the  transient  Batching  device. 

Two  types  of  transient  Batching  devices  are  used  in  the  super-high 

frequency^ 

through  patching  devices  (linear  sonde,  directional  coupler,  aessuring 
antenna)  ; 

direct  Batching  devices  (waveguides,  coaxial,  and  caddsatiw  tran¬ 
sitions)  . 

The  following  instruaert  sei si ir-oarnf a ,  general  in  nature,  are  Bade 
during  operation  and  troop  repair  of  electronic  equipment: 

a  check  to  see  that  fuses  are  in  good  condition; 

acjsureaeot  of  supply  voltageo; 

a  check  to  see  thet  circuits  and  contracts  are  in  good  condition; 

measurement  of  the  resistances  between  individual  points  in  the 
circuit; 

a  check  of  the  Banner  in  which  vscuub  tube  and  semiconductor  meters 
are  functioning; 

investigation  of  the  oscillograms  at  the  aonitoring  jacks  and  at 
other  point*  in  the  circuit; 

verification  of  the  serviceability  of  vacuus  tube  and  senicoaductot 
set era; 

measurement  of  the  parameters  of  resistors,  condensers,  and  other  com¬ 
ponents. 

There  are  individual  devices  in  electronic  equipments  that  require 
the  making  of  a  aster  of  specific  aassureaents. 

information  on  these  measurement  a  is  listed  in  Table  14.8. 
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■itching  dtricea. 


A  -  resistance  and  capacitance  relationships 
B  -  formulas 

C  —  transient  Batching  derice  circuits 
T>  -  read  instnaunt 


Measurements  in 


Name  of  Parameter  Measured 

Device 

electrical  conditions 
of  pulsed  magnetrons 


magnetic  induction 
in  magnet  gaps 


frequency  of  gener¬ 
ated  oscillations 


frequency  stability 


generated  power 


pulse  shape 


energy  spectrum 


antenna-  channel  match 

feeder 


electrical  con¬ 
ditions  of  resonant 
dischargers; 


trans¬ 

mitting 


Measured  Method  Equipment  Used 


direct  measurement 
of  voltage  and 
average  magnetron 
current 

built-in,  or 
assigned  instru¬ 
ments  for  Disking 
direct  measure¬ 
ments 

direct  measurement 
of  magnetic  in¬ 
duction 

magnetic  induc¬ 
tion  instruments 

resonance  method 

absorption  fre¬ 
quency  meters 
(vavemeter) 

frequency  measure¬ 
ment 

absorption  fre¬ 
quency  meters 

investigation  of 
the  shape  of  the 
radio  frequency 
pulse 

osc illogr aphs 

analysis  of  energy 
spectrum 

spectrum 

analyzers 

indirect 

vacuum  tube  volt¬ 
meters,  Nadenko 
voltmeters 

directional 

couplers 

voltmeters  with 
solid  rectifiers, 
bolometer  bridges 

absorbing  vails 

direct  current 
bridges 

oscil lographic 
investigation 

cathode  ray 
oscillographs 

sequential  analysis 
with  a  narrov  band 
device 

reference  res¬ 
onators  ,  oscil¬ 
lographic  spec¬ 
trum  analysers 

measurement  of  the 
standing— wave 
ratio 

directional 
couplers  with 
thermistor  bridges 
measuring  lines 
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Table  14-8  (continued) 


Measurements  in 

Electronic  Equipment 

Name  of 
Derice 

Parameter  Measured 

Measured  Method 

Equipment  Used 

-  current  in  the 
ignition  circuit 

direct  measurement 

microazxmet  era 
in  the  moving 
coil  system 

—  leakage  power 

direct  measurement 

thermistor 

bridges 

-  losses  under  re¬ 
ception  conditions 

substitutioo 

method 

indicators  with 
solid  rectifiers 
and  calibrated 
attenuators 

antenna  pattern 

measurement  of 
incoming  signal 
level  while  ro¬ 
tating  the  an- 
tema  under  in¬ 
vestigation 

signal  gener¬ 
ators  and  in¬ 
dicators  with 
solid  rectifiers 

receiving 

traveling-wave  tube 
electrical  conditions 

direct  measurement 
of  filament  voltage, 
voltages  across 
tube  elements  in¬ 
cluding  their  sta¬ 
bility  and  pulsa¬ 
tions,  collector 
and  second  anode 

currents 

built-in  or 
assigned  direct 
reading  in¬ 
struments 

basic  parameters 
of  crystal  mixers 

direct  measurement 
of  forward  and 
back  resistances, 
measurement  of 
sensitivity  at  the 
operating  frequency 

crystal  detector 
testers,  ampere- 
voltmeters,  signal 
generators,  and 
microanmeters  in 
the  moving  coil 
system 

reflex  klystron 
electrical  con¬ 
ditions 

direct  measurement 
of  filament  voltage, 
voltages  across 
resonator  and  re¬ 
flector  including 
their  stability 
and  pulsations, 
cathode  current 

direct  reading 
instruments 

direct  measurement 
of  power  and  fre¬ 
quency  in  accord¬ 
ance  with  voltage 
across  the  re¬ 
flector 

thermistor 
bridges  r.-3 
resonance  fre¬ 
quency  meters 
(absorption  fre¬ 
quency  meters) 
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Table  l4«B  (continued) 

Measurement  in  Electronic  Equipment 

Name  of  Parameter  Measured  Measured  Method  Equipment  Used 

*>evice 

input  circuit  fre-  direct  measurement 

qumry  character-  of  the  voltage  a- 

istics  (meter  and  crow  the  output 

decimeter  bands)  in  the  case  of 

constant  voltags 
across  the  input 
and  a  changing 
frequency 

direct  measurement  signal  generators 

of  the  voltage  a-  and  vacuum  tube 

cross  the  output  in  voltmeters 
the  case  of  a 
change  in  the  vol¬ 
tage  across  the  in¬ 
put  or  of  the 
frequency 

direct  measurement  video  frequency 

of  the  voltage  a-  generators  and 

cross  the  output  in  vacuum  tube  volt— 
the  case  of  a  meters  or  oscil- 

change  in  the  vol-  lographs,  pulse 
tape  across  the  in-  generators  and 
put  or  of  the  frequen- oscillographs 
cy, oscillographic 
invest  1  gat  ion 

comparison  method  signal  gener¬ 

ators  and  micro- 
ammeters  in  the 
moving  coil  sys¬ 
tem  or  oscil¬ 
lographs 

comparison  method  noise  generators 

and  ucroammeterc 
in  the  moving 
coil  system 

indicating  pulse  width  and  oscillographic  cathode  ray 

amplitude  of  the  investigation  oscillographs 

sawtooth  voltage 
in  the  sweep  units 

scanning  linearity  oscillographic  range  calibrators 

investigation  or  own  marking 

units 

comparison  method  specimen  quartz- 

crystal  oscil¬ 
lators  and 
oscillographs 


receiver  noise 
fifpire 


gain,  amplitude 
and  frequency  char¬ 
acteristics  of  video 
amplifiers.  Quality 
of  reproduction  of 
short  And  long 
square  pulses 


receiver  sen¬ 
sitivity 


amplitude  character¬ 
istic,  pass  band, 
and  gain  of  the  in- 
termed  iat  e- frequency 
amplifier 


signal  generators 
and  vacuum  tube 

voltmeters 


mark,  fztequency 
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Table  14.8  (continued ) 


Measurement  in  Electronic  Equipment 


Name  or 
Device 

Parameter  Measured 

Measured  Method 

Equipment  Used 

amplitude  of  marks 
in  mark  units 

osc il lographic 
investigation 

cathode  ray 
oscillographs 

length  and  limits 
of  change  in  delay 
in  delay  units 

osc il 1 ographic 
investigation 

cathode  ray 
oscillographs 

supply 

source 

electrical  para¬ 
meters  of  primary 
supply  sources 

parameters  of 
secondary  supply 
sources 

direct  measurement 
of  output  voltage, 
summed  load  cur* 
rent,  and  frequency 
of  generated 
voltage 

built-in  direct 
reading  instru¬ 
ments 

-circuit  insulation 
resistance 

direct  neasureaent 

aegohmneters 

based  on  logo- 
meters 

-  rectified  vol¬ 
tage  and  load 

current 

direct  neasurenent 

ampere- volt¬ 
meters  ,  electro¬ 
static  voltmeters, 
vacuum  tube  direct 
current  voltmeters 

-  voltage  and 
ripple  factor 

direct  measurement 
of  the  variable 
component  across 
the  filter  output 

vacuum  tube  milli- 
voltaeters 

stabilisation 

factor 

direct  neasureaent 
of  the  voltage  »- 
cross  the  output 
in  the  case  of  a 
change  in  the  vol¬ 
tage  across  the 
input 

aopsre- voltmeters 

power  demand 

indirect  or  direct 
neasureaent  in  the 
case  of  normal  load 

voltmeters  and 
ammeters  of  the 
moving  coil  type, 
wattmeters  of  the 
«1  ec  trodyn  am  xc 
type 

idle  current 

direct  neasureaent 
in  the  case  of  a 
disconnected  load 

ammeters  of  the 
moving  iron  type 
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14.8.  Operational  monitoring  of  basic  electronic  equipment  paraaetera 
Since  the  basic  engineering  parameters  of  electronic  equipment 
undergo  changes  in  operation,  they  must  be  monitored  systematically. 

The  monitoring  system  fulfills  the  following  two  requirements: 

the  monitoring  of  the  basic  engineering  parameters  with  the 
required  accuracy, 

in  the  event  the  parameters  being  monitored  deviate  from  rated  values, 
it  finds  the  reason  for  the  deviation. 

The  methods  most  widely  used  to  monitor  radar  are; 
individual  parameter  measurements; 
direct  monitoring  of  the  power  gradient. 

The  individual  parameter  measurement  method  ( "instrumental  modi  oring") 
is  carried  out  by  using  a  specific  set  of  measuring  devices  capable  of 
making  the  necessary  measurements  with  specified  accuracy. 

The  set  includes  general  purpose  instruments  (assigned  to  the  radar, 
or  available  in  the  monitoring  and  repair  shops) ,  special  combination 
radar  measuring  instruments,  as  well  as  built-in  measuring  instruments. 

The  radar  measuring  instruments  include: 

a  signal  generator  for  the  specified  frequency  range; 
power  measuring  device; 
frequency  meter; 
spectrum  analyzer; 

standing  wave  ratio  measuring  device. 

The  measuring  devices  built  directly  into  the  monitoring  equipment 
can  be  Broken  down  into  two  groups: 

built-in  radio  frequency  measuring  devices  (frequency  meters, 
oscillographs,  power  measuring  devices,  and  the  like) ; 

built-in  direct  reading  measuring  devices  for  monitoring  currents 
and  voltages. 

The  built-in  devices  can  be  used  to  monitor  a  single  parameter,  ur, 
what  is  more  convenient,  to  monitor  several  parameters  by  appropriate 
switching. 

It  is  desirable  to  monitor  the  following  when  the  radar  is  in  operation: 
transmitter  pulse  power; 
receiver  sensitivity  or  noise 

figure; 

the  match  in  the  antenna- 
feeder  channel; 

transmitter  and  Oscillator 
operating  frequencies; 

magnetron  conditions  ; 


immediately  prior  to  operation 
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the  pulsa  energy  spectrum*, 
the  shape  of  the  modulating  and 
high-frequency  pulse; 

detector  currents  (mixer  and  ?  when  doing  adjustment  work 

automatic  frequency  control  system) ;  J 


heterodyne  conditions; 
output,  and  in  part  the  inter- 


The  instruments  most  widely  used,  as  well  as  those  used  foe*  the 
greatest  variety  of  purposes,  during  the  detection  process  are  the  direct- 
reading  instruments-  Measuring  instruments  are  usually  used  to  check 
assumptions  as  to  the  sites  of  faults,  as  well  as  to  make  final  detection. 

There  is  a  need  to  automate  monitoring  during  the  operational  process 
because  of  the  complexity  of  modern  electronic  equipment,  a  complexity 
that  has  converted  the  equipment  into  a  set  of  interconnected  units  with 
tens  of  thousands  of  instruments  and  components ,  as  well  as  for  purposes  of 
improving  requirements  imposed  for  operational  reliability  and  battle 
readiness. 

Only  an  automatic  monitoring  system,  and  the  widespread  use  of  built- 
in  measuring  equipment,  can  successfully  solve  the  problem  of  providing 
timely  and  objective  checks  of  modern  seta  of  electronic  equipment. 

Automatic  monitoring  systems  carry  out  the  following  functions: 

continuous  or  discrete  (periodic)  monitoring  of  output  parameters 
of  the  equipment  as  a  unit,  as  well  as  of  the  parameters  of  the  most 
important  of  the  functional  units  (accessible,  and  the  possibility  of 
making  periodic  measurements  of  the  absolute  values  of  individual  parameters) 
establish  the  faulty  functional  removable  units  (in  the  case  of 
modular  design,  the  removable  modules) ; 

check  the  conditions  in  functional  units  and  stages  (establishment 
of  the  site  of  and  reasons  for  the  faulty  operation)  ; 

forecase  faulty  operations  that  by  their  nature  can  be  classed 
as  gradual  failures. 

The  method  that  directly  monitors  the  power  gradient  involves  the  use 
of  so-called  reference  resonators  (cavity  resonators  with  high  Q)  connected 
to. the  radar's  antenna— feeder  channel  through  a  transient  matching  device. 

As  the  main  pulse  is  radiated  impulsing  of  the  resonator  occurs  and  at¬ 
tenuated  oscillations  are  seen  on  the  indicator  screen  prior  to  merging 
into  the  receiver  noise.  Hie  ring  time  (the  duration  of  the  damping 
signal)  is  directly  proportional  to  the  radar's  jump  in  power,  expressed  in 
decibels  s 
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These  infltrunwnts ,  in  addition  to  Monitoring  the  jump  in  power, 
monitor  (with  what  is  cooparat ively  low  accuracy) : 
tronanitter  power  and  frequency ; 
pulling  of  the  magnetron; 
pulse  energy  spectrum; 
receiver  tuning  and.  sensitivity; 
local  oscillator  power  and  frequency; 

tuning  and  proper  functioning  of  the  antenna  transfer  switch. 

14.9*  Classification  of  electrical  and  radio  frequency  Measuring  instruments. 

Radio  repair  shop  measuring  instruments. 

Soviet  industry  *rss  produces  hundreds  of  different  types  of  electrical 
and  radio  frequency  measuring  instruments* 

In  accordance  with  standard  specifications  contained  in  No .009 -000 T 
issued  by  the  State  Committee  for  Rad ioelect ronics  of  the  Council  of 
Ministers  of  the  USSR,  radio  frequency  mcasurir -j  instruments  for  general 
use  are  classified  by  purpose  into  groups  that  are  assigned  specific 
letters.  The  instruments  within  each  group  are  broken  down  by  specific 
features,  and  a  number  is  assigned  to  each  subgroup.  A  concrete  model  of 
an  instrument  receives  it's  own  number,  indicated  in  the  instrument  des¬ 
ignation  after  the  subgroup  (after  a  hyphen);  V7-£t,  Tm-12-1,  Sl-6,  etc., 
for  example. 

Table  14.9  li^to  the  designations  by  groups. 


Table  14.9 

Groups  of  Measuring  Instruments 


Group  Group  Name  Sub-  Instrument  N«me 

Design*-  group 

tioo  No. 


A 


instruments  for  1  installation  for  checking  asmeters 

measuring  current 

2  ammeters,  direct  current 


V 


3 

4 

instrument,  for  1 
B«Mttring  voltage 

Z 

3 


•aneterx,  alternating  current 
all  purpose  amtera 
installation  for  checking  voitiaetera 
voltaietera,  direct  current 
Yultaeterui  alternating  current 
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Table  *4.9-  (continued) 

Groups  of  Measuring  Instalments 

Group  Group  Name  Sub-  Instrument  Name 

Design*-  Group 

ti.cn  No* 

4  voltmeters,  pulse 

5  voltmeters,  phase-sensitive 

6  voltmeters,  selective 

7  voltmeters,  all-purpose 

M  instruments  f or  1  installations  for  checking  power  meters 

measuring  power 

2  passing  power  meters 

3  absorbed  power  meters 

4  bridges  for  measuring  thermistor  and 

bolometer  power 

5  heads,  thermistor  and  bolometer 

Ye  instruments  for  1  installations  for  monitoring  and 

measuring  para-  checking  parameter  meters 

meters  in  devices 

with  limped  2  pure  resistance  measures 

constants 

3  inductance  measures 

4  capacitance  measures 

5  conductivity  measures 

6  pure  resistance  meters 

7  inductance  meters 

8  capacitance  meters 

9  Q-meters 

10  impedance  and  conductance  meters 

11  meters  for  measuring  the  electrical  and 
magnetic  properties  of  materials 

12  parameter  meters,  all— purpose 

R  instruments  for  1  lines,  measuring 

measuring  para¬ 
meters  in  devices  2  standing  wave  ratio  and  reflection 

with  disturbed  factor  meters 

constants 


3 


impedance  and  conductivity  meters 
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Table  l4*9«  (continued) 
Groups  of  Measuring  Instruments 


Group  Group  Name  Sub-  Instrument  Name 

Designs-  Group 

ticn  No. 


Ch 


F 


S 


Kh 


instruments  for 
measuring  fre¬ 
quency 


instruments  for 
measuring  phase 
and  delay  time 


instrxnents  for 
observing  and 
invest  igat  ing 
signal  and 
spectrum  shapes 


instruments  for 
observing  and 
investigating 
the  character¬ 
istics  of  radio 
devices 


4  atteniuit  ion  meters 

5  cable  line  meters  and  testers 

1  installations  for  checking  frequency 

meters  and  for  reproducing  specimen 
f requeue  ies 

2  frequency  meters,  absorption 

3  frequency  meters,  vacua  tube-counter 

i  frequency  meters,  local  oscillator 

5  calibrators,  quartz 

1  installations  for  monitoring  and 

checking  instruments  used  for  phase 
measurements 

2  phase  meters 

3  phase  shifters,  measuring 

4  correlation  meters 

3  group  time  delay  meters 

1  oscillographs 

2  amplitude  modulation  factor  meters 

3  frequency  deviation  meters 

4  spectra  analyzers 

5  harmonic  analyzers 

6  nonlinear  distortion  factor  meters 

1  instruments  for  investigating  frequency 

character  iat  ics 

2  instruments  for  investigating  transient 

characteristics 

3  instruments  for  investigating  phase 

characteristics 

4  instruments  for  investigating  amplitude 

characteristics 
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Table  14,9.  (continued) 


Groups  of  Measuring  Instruments 


Group  Group  Name  Sub—  Instrument  Name 

Designs-  group 

tion  No. 


1 


U 


P 


D 


instruments, 
special,  for 

pulse  measure¬ 
ments 


5  noise  figure  meters 

1  installations  for  checking 
pulse  instruments 

2  time  interval  (shifts,  fronts,  pulse 

vidth,  etc.)  meters 


amplifiers, 

measuring 


3  pulse  counters 

4  pulse  analyzers 

5  delay  lines 

1  constant  voltage  amplifiers 

2  alternating  voltage  amplifiers,  selective 

3  alternating  voltage  amplifiers,  broadband 

4  amplifiers,  all-purpose 


instruments  for 
measuring  field 
intensities  and 
interference  and 
antenna 
measurements 


1  installations  for  checking  meters  used 

to  measure  field  intensity  and  noise  and 
for  checking  measuring  receivers 


measuring 

receivers 


attenuators  and 
voltage  dividers 


2  field  indicators 

3  field  intensity  meters 

4  radio  frequency  interference  meters 

5  receivers,  measuring 

6  antennas,  measuring 

7  instruments  for  antenna  measurements 

1  installations  for  checking  attenuators 

2  resistance  attenuators 

3  capacity  attenuators 

4  ati equators ,  limit 

5  attenuators,  absorbing 
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Table  14.9.  (continued) 
Group*  of  Measuring  Ir.atruai«jit a 


Croup  Croup  Nam  Sub-  lostruamt  Nm6 

BesiQna-  group 

tion  No. 


£ 


G 


L 


6 

component*  in  the  1 

couitl  and  vav«- 
fiuide  channels  2 

3 

A 

5 

6 

7 

8 
9 


voltage  dividers 
transformers,  matching 
junctions 
transfer  switches 
phase  shifters 
couplers,  directional 
X-s  and  ring  bridges 
heads,  detector  and  mixer 
components,  conpecting 
resistances,  load 


generators, 

measuring 


instruments  for 
measuring  the 
parameters  of 
tubes  *nd  aani* 
conductor  in- 
strtment* 


10  equivalents ,  antenna 

1  installations  for  checking  measuring 
generators 

2  generators,  noise  signal 

3  generators,  signal 

A  generators,  standard  signals 

5  generators,  pulse 

6  generators,  signal,  special  shape 

1  meters  for  measuring  tube  parameters 

and  cathode-ray  curve  tracers 

2  meters  for  measuring  the  parameters  of 

semiconductor  instruments  and  cathode- 
ray  curve  tracers 

3  meters  far  measuring  superhigh  frequency 

▼acuta  tubes  (klystrons,  travel ing-w«re 
tubes,  magnetrons,  and  others) 


Combination  instruments  are  included  in  the  group  to  which  they  are 
basic,  and  have  the  letter  "XV  added  after  the  group  designation,  YX?-4, 
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GK4-49,  for  example.  Models  that  hare  been  modernized  hare  a  letter 
added,  in  alphabetical  order,  after  the  number,  such  as  G4-10A,  for 
trample. 

■'•Id  instrument  cooes  are  being  replaced  with  nee  ones,  vith  the 
exception  of  those  taken  out  of  production  prior  to  the  introduction  of 
standard  015.000.  The  replacement  names  for  rat  of  the  instruments 
found  in  use  are  listed  in  Table  l4.lo. 


Table  14.10 

New  and  Old  Names  of  Instruments 


Name  of  Instrument 


Conventional  Designations  for  Instrument  Types 
New  Old 


V.  Instruments  for 
measuring  voltages 


millivoltmeter,  pulse 

V4-1X 

MVT-1M 

voltmeter,  pulse 

V4-2 

VLI-3 

all-purpose  electrical 
measuring  instrument 

VK7-1 

TT-3 

voltmeter,  all-purpose 
tube 

V7-2 

VLU-2 

voltmeter,  tube 

VK7-3 

A4-K2 

voltmeter,  all-purpose, 
tube 

VK7-4 

V0LU-1 

voltmeter,  number 

VK7-5 

VOTs-1 

M.  Instruments  for 
measuring  power 

meter,  low  power 

M3-1 

XKM-6 

meter,  low  power 

M3 -2 

VIM-1 

meter,  power 

M3-4 

m-4 

meter,  high  power 

M3-6 

IM-5 

meter,  high  power 

M3 -7 

IBM-4 

Ye.  Instruments  for 
measuring  the  pameters 
of  devices  with  lumped 
constants 
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Table  14*10  (continued) 
New  and  Old  Names  of  Instruments 


Conventional  Designations  for  Instrument  Types 

Name  of  Instrument 

New 

Old 

megohsmeter,  tube 

Y«6-2 

MOM-3 

megohmaeter,  tube 

Ye6-3 

MOM-4 

meter*  Quality 

Ye9-1 

XV-1 

meter,  quality 

y«9-2 

UK-1 

meter,  magnetic  induction 

Yell-1 

IM-1 

meter,  magnetic  induction 

Yell-3 

XMI-3 

meter,  inductance  and 
capacitance,  high  frequency 

Yel2-1 

IIYeV-1 

bridge,  all  purpose 

Yel2-2 

lIM-3 

R.  Instruments  for 
measuring  the  para¬ 
meters  of  devices  with 
distributed  constants 

line,  measuring,  spiral 

El-1 

XSL-1 

line,  measuring,  coaxial 

El-2 

IKL-112 

line,  measuring.  Coaxial 

El-3 

XKL-lll 

line,  measuring,  waveguide 

Rl-4 

IVLU-140 

Ch.  Instruments  for 
measuring  frequency 

frequency  meter,  absorption 

Ch2-2 

UVR-1 

frequency  meter,  average 
accuracy 

Ch2-3 

VST— 1 

frequency  meter,  average 
accuracy 

OiZ-4 

VST— 2 

frequency  meter,  low 
accuracy 

Oi2-5 

VKT-1 

frequency  meter,  average 
accuracy 

Ch2-6 

VST-DM 

frequency  meter,  average 
accuracy 

Cb2-9 

VST— lO 

frequency  meter,  average 

Ch2-9A 

VST-10P 
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Table  14.10  (continued) 


New  and  Old  Kanes  of  Inst run cuts 


Conventional  Designations 

for  Instrument  Types 

Name  of  Instrument 

New 

Old 

frequency  meter 

Ch3-1 

iCh-6 

frequency  meter 

ao-iA 

ICh-7 

frequency  meter,  heterodyne 

Ch4-1 

.'G526-U 

frequency  meter,  precision 

Ch4-3 

VTVT-D 

frequency  meter,  precision 

Ch4-4 

GVShD- 

calibrator,  frequency, 
crystal 

Ch5-1 

KK-6 

S.  Instruments  for 
observing  and  investigating 
the  shapes  of  signals  and 
spectra 

oscillograph,  electron 

Sl-1 

EO-7 

oscillograph,  electron 

Sl-2 

25-1 

oscillograph,  electron 

Sl-3 

10-4 

oscillograph,  electron 
low  frequency 

si— 4 

ENO-l 

oscillograph  electron 

S1-5A 

SI-1 

oscillograph,  electron 
miniature 

si-e 

EMO-2 

spectrum  analyzer 

SV-l 

lv-46 

spectrum  analyzer 

S4-2 

IV-66 

distortion  factor  meter 

S6-1 

mi-12 

Kh.  Instruments  for 
observing  and  investigating 
the  frequency  character¬ 
istics  of  radio  installa¬ 
tions 

oscillating  frequency 
generator  (sweep  generator) 

Xhl-1 

1021 

noise-figure  meter 

Kh5-1 

LSBh-1 

noise-figure  meter 

Kh5-2 

lKSh-2 

EA-015-68 


558 


Table  14.10  (continued) 

Hev  and  Old  Names  of  Instruments 


Conventional  Designations 

for  Instrument  Types 

Nase  or  Instrument 

New 

Old 

1.  Instruments,  special, 
for  pulse  measurements 

range  calibrator 

12-1 A 

27IM 

V.  Amplifiers,  measuring 

amplifier,  measuring 

U2-1A 

23IM 

P.  Instruments  for 
measuring  field  intensities 
and  radio  noise 

meter,  field  intensity 

£J-1 

INP-5 

meter,  radio  noise 

F4-4A 

IP12-2M 

meter,  radio  noise 

P4-5A 

1P-26M 

D«  Attenuators  and 
voltage  dividers 

voltage  divider 

D6-1 

DKYe-3 

voltago  divider 

D6-2 

DNTe-9 

voltage  divider 

D6-3 

M.Te-6 

voltage  divider 

Dfi-4 

DNTe-7 

voltage  divider 

D6-5 

DNTe-8 

G.  Generators,  measuring 

generator,  audio  frequency 

6Z-2 

ZG-10 

generator,  audio 
supersonic  frequencies 

GZ-3 

SG-il 

generator,  audio  and 
supersonic  frequencies 

GZ-4A 

ZG-ZH 

generator,  signal,  video 
frequency 

GZ-7 

100-1 

generator,  signal 

G2-8 

GMV 

generator,  signal 

GZ-9 

GS*6 

generator,  signal 

GZ-12 

GS-2? 

generator,  audio  frequency 

GZU18 

2G-14 
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Table  14.10  (continued) 

New  and  Old  Names  of  Instruments 

Convert  ional  Designations 

for  Instrument  Types 

Name  of  Im>inimeat 

New 

Old 

generator,  Audio  and 
supersonic 

GZ-33 

ZG-16 

generator,  standard  signal 

G4-1A 

GSS-6A 

combination  tester  (radar 
tester) 

CK4-3 

RX-10 

combination  tester  (radar 
tester) 

GK4-3A 

RX-1UA 

generator,  signal,  com¬ 
bination 

<354-4 

GSX-2 

generator,  standard  signal 

G'*-5 

GSS-12 

generator,  standard  signal 

G4-6 

GSS-17 

generator,  standard  signal 

G4— 7 

GSS-7 

generator,  standard  signal 

G4-8 

GSS-15B 

generator,  standard  signal 

G4-9 

GSS-27 

generator,  pulse 

®5-l 

26-1 

generator,  pulse,  miniature 

G5-8 

MSI— 1 

generator,  pulse,  miniature 

L„  Instruments  for 
measuring  tube  and  semi¬ 
conductor  meter  parameters 

5*5-15 

MGI-2 

tester,  radio  tube,  small 

11-1 

IL-13  "■ 

tester,  radio  tube 

Ll-2 

IL-14 

tester,  radio  tube,  all- 
purpose,  small 

U-3 

MH.U-3. 

tester,  flat  crystal  triode 

LB-1 

TPT-1 

parmateru 

Radio  shops,  equipped  with  a  -wide  variety  of  aeasuring  instalment  b, 
are  widely  used  in  eouiecticn  with  the  operation  and  repair  of  electronic 
pqui.pm.-nt.  Basic  data  do  some  of  the  instalments  are  listed  in  Table  l4.11 
(the  old  factory  designations  for  the  instalments  are  given  in  parenthesis)  • 


RA-015-68 


5&> 


Table  14.11 

Baa  1C  Bata  On  Selected  Measuring  Instruments 


Type  of  Name  of  Instrument  Basic  Engineering  Characteristics 
Instrument 


pjtr-7o 


AVC-5M 


To-37 


switchboard  ammeter,  measurement  limits  1  to  5  amps,  accuracy 
thermoelectric  class  2.5,  operating  frequency  50  Hz  to 

system  7.5  MHz 


ammeter— voltmeter  measurement  limits  up  to  6000  volts,  AC  and 

("avoaetr")  DC,  6o  micro asrp3  to  12  amps  DC,  3  milliamps 

to  12  amps  AC,  resistance  3  ohms  to  3  megohms, 
measurement  error  on  DC  ±  3%,  on  AC  ±  4%, 

When  measuring  resistance  ±G.59n  the  length 
of  the  operating  part  of  the  scale,  input 
resistance  on  DC  20000  ohms  per  volt,  on 
AC  2000  ohms  per  roit 


ammeter— voltmeter  measurement  limits  up  to  G0C  volts,  AC  and 

("avooetr")  DC,  up  to  1.5  amps  AC  and  DC,  resistances 

up  to  3  megohms,  capacitance  up  to  0-3  micro¬ 
farads,  level  of  transmission, '  attenuation, 
and  gain  from  -10  to  *12  db,  measurement 
error  on  DC  ±  1*5%,  on  AC  ±  2.5%,  when 
measuring  resistance  ±  1.5%  the  length  of 
the  scale,  capacitance,  level  of  trans¬ 
mission,  attenuation,  and  gain  ±  2.5%  length 
of  scale;  input  resistance  on  DC  20000  ohms 
per  volt ,  on  AC  2000  ohms  per  volt 


V3-10A  meter,  receiver 

(1W-3A)  output  (volt¬ 

meter  with  solid 
rectifiers) 


limits  of  measurement  from  50  millivolts 
to  300  volts,  basic  error  in  measurement 
in  the  frequency  range  from  50  Hz  to  lO 
kHz  not  in  excess  of  t  4Si,  in  the  frequency 
range  from  lO  to  20  kHz  not  in  excess  of 
i  8%,  operating  frequency  50  Hz  to  20  ’‘Hz 


V4-2 

(VLI-3) 


VK7-9 


Ml  103 


voltmeter,  pulse, 
vacuan  tube,  with 
1:10  divider  and 
additional  cap¬ 
acitive  dividers 
D6-1  (DNYe-3)  and 
D6-2  (DNYe-9) 


limits  of  measurement  up  to  150  volts,  with 
a  1:10  di-rider  up  to  500  volts,  with  a 
D6-1  np  to  5000  volts,  with  a  D6-2  tip  50000 
volts,  basic  error  ±(3  to  4)%,  divider  error 
up  to  ±  10%,  pure  input  resistance  0*5 
megohm  op  to  4  KHz,  and  0*2  megohm  op  -to 
10  MHz,  input,  capacitance  12  picofarad 


all-purpose  vacuum  limits  of  measurement  of  DC  30  millivolts 
tube  voltmeter  to  500  volts  (up  to  20  kilovolts  with  a 

DN-1  divider),  of  AC  100  millivolts  to  1000 
volts,  resistance  2  ohms  to  1000  megohms, 
measurement  error  of  DC  ±  2*5%»  AC  £  (4  to 
€)%,  operating  frequency  20  Hz  to  700  MHz, 
input  resistance  on  DC  15  megohms,  on  AC  3 
megohms 


meter,  resistance,  limits  of  measurement  0*1  to  50  ohms,  basic 
ground  error  within  the  0.1  to  10  ohms  range  ±  5%  +0.1  ohm 

in  the  0.5  to  50  ohm  range  ±10%  +  0.5  ohm 


megohmmeter,  lopoae-  limits  of  measurement  ICO,  500,  1000  megohms 
ter  base  with  bond  (for  different  modifications),  operating  voltages 
Generator  ICO-  500-  1000  volts,  respect  ivelv.  basic 


M1101 
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Table  14.11  (continued) 

Basic  Data  co  Selected  Measuring  Instruments 

Type  of  Name  of  Instrument  Basie  Engineering  Characteristic* 
Instrument 

error  ±1%  of  length  of  scale 


Ch2-6  frequency  meter,  range  of  measured  frequencies  350  to  675 

(VST— DM)  average  accuracy  MHz  (85.7  to  44.4  cm),  basic  error  ± 

sensitivity  no  vorse  than  0.2  milliwatt 

SI -SO  oscillograph  with  sweep  0.025  aicrosecond/cm  to  10  micro- 

all-purpose  sweep  seconds/ca,  pass  band  10  Hz  to  20  Mhz  and 
15  Hz  -to  2  MHz,  sensitivity  100  and  10 
millivolt  per  cm,  input  resistance  0.5 
megohm,  input  capacitance  40  picofarads, 
error  in  amplitude  and  width  measurements 

±  5% 

Khl-1  frequency  sweep  frequency  range  10  to  100  MHz,  frequency 

(1021)  generator  deviation  0  to  15  MHz,  frequency  modulation 

2220  Hz,  output  signal  level  10  microvolts 
to  0.1  volt 

GZ-33  audio  and  super-  frequency  range  SO  Hz  to  0.2  MHz,  output 

(ZG-16)  sonic  frequency  0.5  to  5  watts,  error  in  frequency  for 

generator  installation  (0.02f  *  l)  Hz,  output  ±2.5% 

(level) ,  ±  (0.5  to.  1)  db  (attenuator) 

G4-42  generator,  standard  frequency  range  0.012  to  10  MHz,  amplitude 

signal  modulation  possible,  output  0.1  microvolt 

-to  O.l  volt,  75  ohms,  error  in  frequency 
for  installation  ±1%,  output  ±4%  (level), 
±11%  (attenuator) 

G4-44  generator,  standard  frequency  range  10  to  400  MHz,  amplitude 

signal  and  pulse  modulation  possible,  output  0.1 

microvolt  to  0.1  volt,  75  ohms,  error  in 
frequency  for  installation  ±  1%,  output 
±10%  (level),  ±(0.7  to  1.5)  db  (attenuator) 

G4— 31  generator,  standard  frequency  range  0.15  to  1  gigahertz,  an* 

(GSS-15A)  signal  plitude  and  pulse  modulation  possible, 

output  10“^  to  100  microwatts,  1  watt,  75 
ohms,  error  in  frequency  for  installation 
±1%,  output  ±1  db  (level),  *1.3  db 
(attenuator) 

duration  of  generated  pulses  of  both  po¬ 
larities  0.1  to  10  microseconds,  repetition 
frequency  40  Hz  to  10  kHz,  output  10  to  100 
volts,  installation  error  10%  ±  0.03  micro¬ 
second 


G5-15 
(MCI -2) 


small  pules 
generator 
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Table  14.11  (continued) 

Basic  Data  On  Selected  Measuring  Instruments 

Type  of  Name  of  Instrument  Basic  Engineering  Characteristics 
Instrument 


U-3 

(MILU-l) 


small  tube  tester,  measurement  of  following  tube  parameters: 
all  purpose 

diodes  -  emission  current,  or  anode  current; 


triodes  and  combination  tubes  -  anode 
current,  second  grid  current,  reverse  current 
of  first  grid,  steepness  of  the  character¬ 
istic  curve  for  the  anode  current,  internal 
resistance; 


st abil it rons  -  ignition  potential,  stabil¬ 
ization  voltage,  change  in  stabilization 
voltage  with  change  in  current; 


kenotrons  -  rectified  current 


L2-1 

(IPT-1) 


UPU-1M 


tester,  flat  measurement  of  the  following  parameters', 

crystal  triode 

parameters  current  gain  in  event  of  a  short  circuit 

in  the  collector  circuit  a  =  0*9  to  1, 
measurement  error  ±5%? 

reverse  conductivity  idle  in  emitter  cir¬ 
cuit  =  (0.4  to  4)lQ~6  ohm,  measurement 

error  ±10%; 

initial  collector  current  vben  no  emitter 

current  is  flowing  I  a  0  to  JO  microamps - 
co 

measurement  error  ±2,5% 


all-purpose  electrical  strength  can  be  tested  at  the 

test  installation  operating  voltage  (AC  and  DC)  up  to  10 

kilovolts,  power  transformer  rating  1  leva* 


The  chief  possibilities  for  making  measurements  and  tests  of  equipment 
with  these  instruments,  in  the  shop,  as  well  as  in  the  field,  are  listed  in 
Table  14.12. 


Table  14.12 

Principal  Parameters  and  Measurement  Limits  for  Miscellaneous  Instruments 


Parameters  and  Measurement  Limits 


Measuring  Instruments 


Direct  current i 

75  micro  amps 

6o  micro  amps 


to  1.5  amp; 
to  12  amps 


Ta-57 

AV0-5M 
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Table  14.12  (continued) 

Principal  Parameters  and  Measurement  Limits  for  Miscellaneous  Instruments 
Parameters  and  Measurement  Limits  '  Measuring  Instruments 


Alternating  current: 


0.5  milliamp  to  1.5  oops 

3  milliamps  to  12  axaps 

Ts-57 

AV0-5M 

DC  and  AC  voltages : 

75  millivolts  to  6oO  volts 

0.1  volt  to  6  kilovolts 

30  millivolts  to  20  kilovolts 

Ts-57 

AV0-5K 

VK7-9 

Voltage,  high  frequency,  up  to  700  MHs-lOO 
millivolts  to  1000  volts 

VK7-9 

Pulse' voltages,  0  to  53  kilovolts 

V4-2 

DC  resistance: 

3  ohms  to  3  megohms 
up  to  1,000  megohms 

AV0-5H, 

M1101. 

,  Ts-57 

VX7-9 

Electrical  strength  of  insulation  up  to  10 
kilovolts 

UPU-IM 

Correct  functioning  of  electrical  circuits 

MI101, 

AVO-5M,T»-57 

Frequency  measurement  350  to  675  MHz 

Ch2-6 

measurements 

si-ao 

Correct  functioning  of  pulse  circuits 

<55-15, 

SI -20 

Correct  functioning  of  audio  frequency  channels 

<33-33, 

Sl-20 

Response  and  correct  functioning  of  high  frequency" 
amplifiers 

G4-42, 

G4— 44,  G4-31 

Visual  tuning  of  broad  hand  IF  amplifiers 

Khl-1 

Measurement  of  modulation  depth 

G4-42, 

Sl-20 

Check  of  receiver  amplifier  and  low  powered 
oscillator 

Ll-3 

Check  of  crystal  triodes 

L2-1 

14.10.  Maintenance  of  Measuring  Instruments  and  Checking  Measurement  Accuracy, 

State  supervision  of  the  condition  of,  and  checking  on,  measures  and 
measuring  instruments,  is  exercised  by  the  State  Committee  on  Standards, 
Measures,  and  Measuring  Instruments.  The  corresponding  supervision  in  the 
armed  forces  of  the  USSR  is  exercised  by  the  Inspection  for  the  Supervision 
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of  Measures  and  Measuring  Instruments  of  the  Ministry  of  Defense  of  the 
USSR. 

Military  units  can  use  only  those  measuring  instruments  that  are  in 
good  wonting  order,  road  correctly,  and  are  authorized  for  use  in  the  armed 
forces  of  the  USSR. 

All  measures  and  measuring  instruments  are  broken  down  into  standard 
and  working  types* 

Standard  instruments  are  instruments  that  are  specially  selected, 
tested,  and  supplied  with  correction  charts.  These  are  of  the  highest  preci¬ 
sion,  and  used  only  to  cheek  working  instruments. 

Working  instruments  are  those  used  to  make  direct  measurements. 

All  measuring  instruments  are  subject  to  a  mandatory  {working  instru¬ 
ment)  or  state  (standard  instrument)  check  at  predetermined  times  set  for 
each  type  of  instrument  (usually  once  every  year  or  two  years)*  The  check 
is  made  by  organizations  designated  by  the  Ministry  of  Defense  of  the  USSR, 
or  by  the  State  Committee  c~i  Standards,  Measures,  and  Measuring  Instruments* 

Military  unit  personnel  and  equipment  can  be  used  to  deliver  the  in¬ 
struments  for  check  and  to  ship  them  back.  A  seal  is  affixed  to  checked 
instruments ,  and  units  must  not  tamper  with  it. 

Faulty  and  inaccurate  instruments,  those  not  checked  st  the  times 
specified,  as  well  as  instruments  about  which  there  are  doubts  as  to  cor¬ 
rectness  of  readings,  are  to  be  withdrawn  from  use  and  repaired,  adjusted, 
and  checked  for  correct  readings. 

Measuring  instruments  require  particularly  careful  handling-  Instru¬ 
ments  must  be  protected  against  jolts  and  shocks,  and  dust,  moisture,  and 
dirt  must  be  kept  out. 

Instruments  should  be  used  in  the  temperature  range  from  +10*  to  +30 °C, 
and  in  humidity  of  from  60  to  75%  (exceptions  are  special  purpose  instruments)  • 

It  is  permissible  to  expose  an  instrument  to  tanperstures  from  -40c  to 
+40°C,  and  to  hmidity  as  high  as  95%»  for  brief  periods  of  time,  but  in  such 
cases  the  instrument  should  have  been  subject  to  normal  conditions  for  st 
least  24  hours  prior  to  use. 

Military  units  may  decide  to  make  minor  repairs,  those  that  do  not  re¬ 
quire  breaking  the  seal. 

Measuring  instruments  should  be  stored  in  dry,  heated  spaces  in  cabinets, 
or  storage  boxes*  Acids,  lubricants,  and  storage  batteries  will  not  be 
stored  in  these  spaces*  Such  storage  is  in  fact  prohibited. 

Measuring  instruments  are  transported  in  their  storage  boxes  which,  in 
turn,  are  stored  in  packing  boxes* 
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Chapter  XV 

Cybernetics  and  Pi  gita).  Computer  a 

15-1*  The  Subject  of  Cybernetics 

Cybernetics  is  the  science  of  control  processes.  It  studies  the  general 
laws  involved  in  the  translation  of  information  into  complex  controlling 
systems  (machines*  living  organisms,  society). 

Questions  ec-ncemed  with  control  are  the  subject  of  investigation  by  a 
number  of  sciences,  including,  for  example,  the  theory  of  electronic  computers, 
communication  theory*  the  theory  of  automatic  regulation*  and  others-  As  dis¬ 
tinguished  from  the  sciences  indicated,  cybernetics  studies  control  processes 
in  general,  rather  than  in  concrete  system#,  and  as  it  applies  xo  any  control 
process,  regardless  of  the  physical  nature  of  that,  process.  Whereas  the  above 
mentioned  sciences  study  what  is  primarily  the  internal  structure  of  a  partic¬ 
ular  controlling  System,  cybernetics  is  primarily  interested  in  the  general 
law  governing  the  functioning  of  complex  control  systems. 

The  approach  to  th^  study  of  the  processes  involved  in  the  translation 
of  information  into  controlling  systems  that  is  characteristic  of  cybernetics 
is  sometime#  called  the  "black  box’*  method  in  the  literature*  and  the  essence 
of  this  method  is  as  folic ws- 

The  control  system  is  represented  in  the  form  of  some  device  (the  "black 
box")  with  input#  through  ■which  the  external  medium  can  act  on  the  system, 
and  outputs  for  the  reverse  action  of  the  system  on  the  external  medium  (fig. 

15*1). 


From  the  point  of  view  of  cybernetics,  the  system  studied  can  be  fully 
described  by  laws  establishing  the  dependence  of  the  output  information  on  the 
input  information# 

If  two  control  Systems  h aye  identical  laws  for  the  translation  of  in¬ 
formation  they  are  considered  as  equivalent,  so  far  as  cybernetics  is  concern¬ 
ed,  even  though,  they  can,  centrally  speaking,  be  significantly  different  in 
their  physical  nature* 

Thus,  cybernetics  studies  control  processes  from  the  informational  point 


of  view, 
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Figure  15-1* 
information; 


Stod*  B 

1  .t' 

C 

!_• 

Cu£/ne*a  j  *  ^ 

Conventional  depiction  of  a  control  system.  A  -  input 
B  —  inputs;  C  —  system;  D  —  output  information. 


Figure  15-2.  Conventional  depiction  Of  a  complex  control  system. 
A  -  input  information;  B  —  feedback;  C  -  complex  system;  •  D  - 
output  information;  systems  numbered  1,  2  ,  3- 


Sys  terns  used  to  process  information  can  be  interconnected  to  form  a  new, 
complex,  control  system. 


Figure  15-2  shows  a  complex  control  system  consisting  Of  three  systems, 

1,  2,  and  3.  The  individual  systems  within  the  framework  of  a  complex  control 
system  are  called  its  elements. 


Information  translation  systems  can  be  connected  up  in  three  different 
ways:  in  series,  in-parallel,  and  with  feedback-  In  Figure  15.2  the  systems 
(elements)  numbered  Z  and  3  are  connected  in  series,  1  and  2  *re  connected  in 
parallel,  and  1  and  3  are  connected  with  feedback. 


Feedback  is  of  particular  significance  in  cybernetics,  because  most  control 
processes  are  processes  with  feedback  in  them.  In  the  broad  sense  of  the  word, 
feedback  can  be  considered  as  taking  place  when  two  systems  interact.  Let  us 
take  the  example  of  the  operating  principles  of  .the  automatic  pilot  (control 
system)  installed  in  an  aircraft  (controlled* system) .  When  the  aircraft  dev¬ 
iates  from  its  assigned  course  a  signal,  characterizing  the  magnitude  of  such 
deviation  (the  error  signal),  is  fed  into  the  automatic  pilot  input.  The  auto¬ 
matic  pilot  produces  output  signals  that  are  fed  into  the  aircraft  rudder  control 
system,  causing  the  aircraft  to  change  course  in  a  direction  such  that  the  error 
signal  is  reduced. 

Feedback  plays  a  big  part  in  living  organisms  as  well  because  many  physio- 
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logical  process**  c-m  bo  considered  to  be  processes  taking  place  in  a.  feedback 
system.  The  processes  involved  in  the  formation  of  conditioned  reflexes  and 
training,  for  example,  are  based  on  obtained  feedback  signals  confirming  the 
correctness  of  the  action  taken# 

Because  cybernetics  studies  control  processes  in  systems  in  the  abstract, 
as  opposed  to  their  physical  essence,  one  must  introduce  some  procedure  for 
describing  the  lavs  that  are  involved  in  the  information  translation  process 
that  does  not  depend  on  the  structure* of  the  systems  under  investigation-  The 
theory  of  algorithms  deals  vith  the  study  of  formal  methods  of  information  trans¬ 
formation. 

The  concept  of  the  algorithm  is  the  central  concept  in  this  theory.  With¬ 
out  pretending  to  strictness,  algorithms  can  define  the  totality  of  formal  rules 
in  accordance  vith  which  information  translation  is  carried  out. 

From  the  point  of  view  of  cybernetics,  the  information  translation  algorithm 
realized  by  some  control  system  (or  its  elements)  completely  characterizes  the 
systsa  (its  elements). 

let  us  made  a  summation.  Vhat  follows  from  the  definition  of  cybernetics 
as  a  science  is  that,  the  object  of  its  investigation  is  complex  control  systems. 
At  the  same  time,  cybernetics  digresses  from  the  physical  essence  of  the  system 
under  study  and  presents  it  in  one  of  the  following  two  forms: 

in  the  fora*  of  an  abstract  d-?vice  for  translating  informatioo  ('’black 
box’1),  the  functioning  of  which  can  be  described  by  some  algorithm; 

in  the  for*  of  some  combination  of  simple  systems  for  translating  in¬ 
formation  (of  elements),  the  functioning  of  which  can  be. described  by  definite 
algorithms. 

This  formalization  of  the  object  of  investigation  on  the  part  of  cybernetics 
can  prove  to  be  extremely  fruitful.  It  does  not  enable  us  to  study  each  concrete 
control  system  individually,  but  to  investigate  the  commoo  properties  of  a  great 
many  systems.  This  is  precisely  vhy  cybernetics  is  defined  as  the  science  of 
general  laws  for  translating  information  in  control  systems. 

Data  on  the  control  system  can  be  incomplete  in  the  general  case-  For 
example,  the  structure  of  the  system  can  be  known,  that  is,  the  algorithms 
for  the  functioning  of  its  elements,  and  ways  in  which  they  combine  with  each 
other,  but  the  algorithm  for  the  functioning  of  the  systex  as  a  whole  is  not 
known.  In  other  cases  the  algorithm  for  the  functioning  of  a  complex  system 
can  be  known,  but  the  algorithms  for  the  functioning  of  its  elements,  or  the 
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ways  in  which  they  combine  with  each  other,  are  not  knpwn. 

And  as  a  result,  one  of  the  central  tasks  of  cybernetics  is  to  investigate 
control  systems  in  order  to  determine  the  unknown  characteristics  of  those  sys¬ 
tems* 

15 « 2*  Sasic  Ta^ks  of  Cybernetics. 

The  cybernetic  approach  to  the  study  of  control  systems  can  be  broken  down 
into  three  main  tasks: 

system  analysis-, 
system  synthesis; 
system  modeling. 


Analysis  of  Control  Systems 

The  analysis  task  is  one  that  arises  in  the  study  of  already  existing 
systems  for  information  translation*  The  purpose  of  the  analysis  is  to  un¬ 
cover  unknown  characteristics  of  control  systems.  If  a  system  with  a  known 
structure  is  given  (a  set  of  elements,  and  the  ways  in  which  they  combine  with 
each  other,  is  given)*  the  analysis  task  involves  a  determination  of  the  in¬ 
formation  translation  algorithm  for  that  system. 

Analysis  tasks  can  also  include  the  separation  of  the  component  parts  of 
a  system  within  the  limits  of  that  system,  the  exposure  of  certain  unknown 
links  between  them,  and  others.  Different  analysis  tasks  are  widely  known  in 
many  fields  of  science  and  engineering. 

The  special  feature  of  analysis  in  cybernetics  is  that  the  analysis  process 
deviates  from  the -physical  nature  of  the  elements  in  the  system,  and  investigates 
the  general  laws  covering  information  translation  in  the  system  as  a  whole,  and 
in  its  component  parts. 


Synthesis  of  Control  Systems 

In  some  respects  the  task  of  synthesis  of  control  systems  is  the  reverse 
of  the  analysis  task  in  its  relationships. 

The  synthesis  task  can  be  formulated  as  follows*  A  certain  set  of  elements 
(of  simple  systems  for  information  translation)  is  known,  and  must  be  used  to 
construct  a  control  system  that  will  provide  the  specified  information  translat¬ 
ion  algorithm. 

The  synthesis  task  usually  has  several  solutions,  giving  rise  to  the 
problem  of  selecting  the  optimal  solution* 
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Criteria  ordinarily  used  to  establish  the  quality  of  control  systems  are 
system  simplicity,  reaction  time,  reliability,  and  accuracy.  The  important 
task  of  equivalent  conversions  of  control  systems  arises  in  connection  with  the 
problem  of  optimization. 

Control  systems  are  said  to  be  equivalent  when  they  have  the  same  laws 
for  information  translation*  Questions  concerned  with  synthesis  are  of  great 
practical  value  for  the  designing  of  various  types  of  control  systems. 

Modeling  of  Control  Systems 

When  the-  control  system  is  extremely  complex,  or  little  access  can  be 
had  to  it  so  analysis  and  synthesis  methods  can  be  used  for  investigative 
purposes,  the  replacement  of  the  ryatem  by  some  model  can  often  be  desirable. 

A  model  is  a  comparatively  simple  system  that  functions  in  a  manner  similar 
to  the  functioning  of  the  original,  and  the  process  of  designing  the  model  is 
called  modeling. 

Cybernetic  modeling  ia  most  often  done  by  programming  a  universal  digital 
computer.  Various  random  factors  (noise,  interference,  equipment  failures, 
and  others)  can  effect  the  operation  of  control  systems.  In  such  cases,  the 
statistical  tests  method,  also  known  as  the  Monte  Carlo  method,  can  be  used  for 
modeling.  Random  number  transmitters  are  used  to  produce  the  random  magnitudes 
in  models,  or  they  are  formed  by  using  a  special  program  for  the  electronic 
computer  on  which  the  modeling  is  done. 

The  modeling  of  various  biological  .processes,  including  certain  functions 
of  the  nervous  system  and  the  brain,  are  of  great  interest  to  cybernetics. 

Modeling,  as  a  method  for  investigating  control  systems,  is  widely  used  in 
various  branches  of  economics,  science,  engineering,  and  in  military  affairs. 

15-1.  The  Mathematical  Apparatus  of  Cybernetics. 

The  mathematical  apparatus  of  cybernetics,  which  includes  a  number  of 
branches  of  mathematics,  has  been  created  to  investigate  the  general  lavs  in 
accordance  with  which  information  is  translated. 

Information  Theory 

Any  control  system  that  ia  the  object  of  investigation  by  cybernetics  has 
inputs  and  outputs  "by  means  of  which  it  ia  related  to  the  environment. 

This  relationship  is  brought  about  by  signals.  A  signal  is  any  action 
that  can  be  fed  into  the  system  inputs  or  observed  at  the  system  outputs.  For 
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the  input  signals  to  &  television  set  are  the  radio  waves,  and  the  outputs  are 
the  picture  and  the  sound.  The  input  and  output  signals  associated  with  dif¬ 
ferent  systems  cm  bo  mechanical  forces,  electrical  voltages,  or  currents,  and 
the  like.  However,  in  the  cybernetic  approach  to  the  investigation  of  control 
systems  the  physical  nature  of  the  input  and  output  signals  is  rejected,  and 
the  one  characterist ic  of  the  signals,  called  the  amount  of  information.  Is  used. 

The  amount  of  information  is  a  measure  of  signal  variety. 

The  amount  of  information  is  primarily  dependent  on  the  number  of  different 
signals  the  sources  of  information  can  form. 

Cybernetics  has  adopted  the  coding  of  each  signal  with  a  predetermined  sym¬ 
bol,  such  as  a  letter,  number,  or  some  sequence  of  letters,  or  numbers,  if 
each  symbol  car.  appear  with  the  same  probability,  the  number  of  different  symbols, 

N,  uniquely  determine*  the  amount  of  i if ormation  from  the  signal  source.  And  in 
t-his  case,  the  amount  of  information,  I,  is  equal  to  th>?  logarithm  of  the  number 
of  possible  symbols 

1  -  log^N. 

The  base  of  the  logarithm  is  what  establishes  the  unit  by  which  the  amount 
of  information  is  measured.  Information  is  most  often  measured  in  binary  units, 
so  in  the  case  cited,  the  base  of  the  logarithm,  a,  is  equal  to  two.  By  way  of 
an  example,  the  high  and  low  levels  of  voltages  are  coded  with  the  symbols  1  and 

O,  respectively,  in  electronic  digital  computers.  An  information  source  produc¬ 
ing  one  of  two  possible  symbols  with  equal  probability  of  doing  so  can  be  char¬ 
acterized  by  an  amount  of  information  equal  to  one  binary  unit. 

If  a  source  forms  eight  equally  probable  symbols,  the  amount  of  information 
equals  three  binary  units 

i«s28  *  3* 

If  tli*  probability  of  the  appearance  of  different  symbols  is  not  the  a  suae, 
arid  as  an  example  let  us  talc,  the  probability  ( frequency)  of  the  appearance  of 
cliff erent  letters  in  words,  the  amount  of  information  can  be  established  with 
the  distribution  of  the  magnitude  of  the  probability  with  respect  to  the  symbol 
taKen  into  consideration. 

Thus,  using  the  apparatus  comprising  the  theory  of  information,  cybernetics 
abstracts  from  the  physical  sense  of  signals  and  considers  only  the  information 
those  signals  contain. 

The  information  is  presented  by  a  set  of  symbols  called  an  alphabet.  Most 
widely  used  in  cybernetics  is  a  two-letter  alphabet  containing  the  symbols  0  and 
1. 

Any  sequence  of  symbols  is  called  a  word  in  the  particular  alphabet. 

In  cybernetics,  questions  concerned  with  the  transmission  and  translation 
of  information  reduce  to  questions  concerned  with  the  transmission  and  trans¬ 
lation  of  words  in  some  alphabet. 
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Ve  have  defined  the  concept  of  the  algorithm  as  a  system  of  rules  in  accord¬ 
ance  with  which  information  is  translated.  Known  in  mathematics,  for  Sample, 
are  algorithms  for  doing  arithmetical  tasks  with  numbers,  square  rooting  algor¬ 
ithms,  differentiation  of  functions,  and  others. 

The  technics1  sciences,  a  good  part  of  which  is  devoted  to  the  study  and 
development  of  algorithms  for  computing  various  structures,  and  for  designing 
equipment,  provide  us  with  a  multiplicity  of  examples  of  algorithms. 

Algorithms  equated  to  the  effective  control  of  troops  ore  of  great  import¬ 
ance  in  military  affairs  in  arriving  at  successful  solutions  to  combat  missions. 
The  anti-aircraft  defense  system  (PVO)  uses  algorithms  for  guiding  missiles  to 
enemy  air  targets,  algorithms  for  processing  information  dealing  with  the  air 
situation,  and  target  distribution  algorithms. 

Universal  algorithms  arc  of  particular  interest  to  cybernetics-  Universal 
algorithms  are  those  thut  can  be  converted  into  any  other  algorithms*  Units 
realizing  a  universal  algorithm  can,  in  principle,  perform  any  information  pro¬ 
cessing  established  by  known,  algorithms. 

Modern  universal  electronic  digital  computers  have  the  remarkable  property 
of  algorithmic  universality.  It  is  because  of  this  property  that  universal 
computers  are  used  in  all  fields  of  science  and  engineering.  Electronic  digital 
computers  can  solve  computational,  as  well  as  logical,  problems,  exercising 
control  and  planning  in  economics,  helping  commanders  to  arrive  at  a  decision, 
translating  texts  from  one  language  to  another,  and  the  like. 

The  human  brain  too  is  a  universal  information'  conversion  device.  In  this 
connection,  cybernetics  has  raised  an  extremely  important,  and  interesting, 
problem,  that  of  the  relationship  between  the  brain  and  a  machine. 

Mathematical  Logic 

The  basic  task  of  mathematical  logic  is  one  of  analyzing  mathematical 
considerations  and  mathematical  concepts. 

The  founder  of  mathematical  logic,  George  Boole,  developed  one  of  the 
basic  divisions  of  the  subject,  that  of  the  algebra  of  logic,  which,  today, 
is  also  called  Boolean  algebra. 

The  algebra  of  logic  analyzes  different  formulations  (propositions).  All 
propositions  in  the  algebra  of  logic  are  broken  down  into  two  classes;  true, 
and  false.  True  propositions  are  assigned  the  symbol  1,  false  ones  the  symbol 
O. 


The  logical  operations  performed  on  propositions,  conjunction,  disjunct¬ 
ion,  inversion,  and  others,  are  included  in  the  algebra  of  logic. 
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The  conjunction 'of  two  propositions  is  the  convent ionAl  speech  equivalent 
of  connecting  these  propositions  by  the  conjunction  "AMD, 11  disjunction  the 
corresponding  connection  by  the  link  "OR,"  while  inversion  signifies  the  neg¬ 
ation  of  the  particular  proposition. 

Various  propositions  can  be  represented  in  the  form  of  formal  mathematical 
expressions  that  can  be  subjected  to  a  variety  of  conversions,  given  the  assist¬ 
ance  of  the  algebra  of  logic. 

Mathematical  logic  is  used  in  cybernetics  in  modeling  certain  thought  pro¬ 
cesses. 

The  division  of  mathematical  logic  known  as  Boolean  algebra  is  widely  used 
to  solve  problems  concerned  with  the  synthesis  and  analysis  of  control  systems. 

Optimal  Solutions  Through  Mathematical  Methods 

.Tasks  of  the  best  possible  construction  of  control  systems  are  often  carried 
out  in  cybernetics.  In  so  doing,  widespread  use  is  made  of  optimal  solution 
methods  developed  in  such  divisions  of  mathematics  as  game  theory,  linear  and 
dynamic  programming,  and  the  queueing  theory. 

The  game  theory  studies  situations  in  which  opponents  with  opposing  goals 
collide.  It  is  the  task  of  the  game  theory  to  establish  those  courses  of  act¬ 
ion  providing  the  best  advantage  for  each  of  the  protagonists.  The  game  theory 
must  take  into  consideration  in  its  solution  counteractions  by  the  protagonists, 
elements  of  randomness,  and  the  degree  of  completeness  of  information  on  the 
behavior  of  the  opposing  sides. 

So-called  two— person  games  with  a  zero  sum  are  of  the  greatest  interest  in 
military  affairs.  In  these  games  we  have  two  sides,  and  the  gain  made  by  one 
is  precisely  equal  to  the  loss  inflicted  on  the  ether. 

Game  theory  is  what  makes  it  possible  to  determine  the  optimal  strategy, 
that  is,  that  method  of  conducting  the  game  that  will  yield  a  maximum  average 
gain  to  one  of  the  sides  after  a  great  many  repetitions  of  the  game. 

Linear  programming  theory  leads  to  a  solution  to  the  problem  of  optimal 
control  of  various  processes  that  can  be  specified  by  a  system  of  linear  in¬ 
equalities  and  equations. 

Typical  of  linear  programming  are  transportation  problems  in  which  the 
most  advantageous  variants  in  the  delivery  of  cargo  from  several  points  to 
different  consumers  can  be  established. 
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Linear  programming  methods  can  also  solve  problems  concerned  with  the 
optimal  distribution  of  forces  against  enemy  targets. 

As  often  happens  when  arriving  at  the  solution  to  optimal  control,  there  is 
no  immediate  decision,  but  rather  a  gradual,  step  by  step,  one.  The  stfdy  of 
step-by-step  solutions,  optimal  in  some  particular  sense,  is  the  subject  ox' 
dynamic  programming. 

Dynamic  programming  methods  are  used  to  solve  problems  concerned  with  estab¬ 
lishing  the  optimal  sequence  in  which  combat  forces  are  to  be  used  during  an  op¬ 
eration,  the  optimal  use  of  reserve s  during  the  various  stages  of  the  battle,  and 
others. 

The  Queuing  theory  enables  us  to  find  the  most  rational  method  of  building 
a  system  designed  to  satisfy  requirements  arising  on  a  random  basis. 

The  queuing  theory  helps  establish  the  most  effective  method  of  reflecting 
the  flight  of  an  air  enemy,  the  optimal  forces,  communication  channels,  the  op¬ 
timal  reserve  method,  and  others. 

Control  System  Theory 

Just  as  in  the  case  of  cybernetics,  the  objectives  of  control  system 
theory  research  are  the  control  systems.  But  as  distinguished  from  cybernetics, 
which  studies  abstract  systems  represented  by  mathematical  models,  classic  con¬ 
trol  system  theory  investigates  concrete  systems  used  to  provide  automatic  reg¬ 
ulation. 

The  theory  of  discrete  control  systems  is  highly  important  in  cybernetics. 

In  this  connection,  one  must  set  apart  a  special  mathematical  discipline,  that 
of  the  theory  of  finite  automatons,  studying  a  special  class  of  discrete  systems 
for  translating  information. 

A  finite  automaton  is  a  system  that  can  shift  from  one  condition  to  another  - 
under  the  influence  of  the  input  information,  and,  using  these  shifts,  remember 
and  reprocess  the  information  feed  into  its  input. 

Finite  automatons  are  systems  the  synthesis  and  analysis  methods  for  which 
have  been  the  most  completely  worlced  out,  axvl  thus  have  great  value  for  cyber¬ 
netics. 
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15-4,  Cybernetics  in  Military  Affairs, 

Today  the  use  of  _  nev  methods  for  controlling  troops  and  military  equipment 
through  the  achievements  in  the  fields  of  electronics  and  cybernetics  is  becoming 
more  and  more  widespread. 

Military  cybernetics,  because  it  is  one  of  the  applied  trends  in  cybernetics, 
is  concerned  with  the  study  of  automating  troop  control  processes. 

The  goal  of  military  cybernetics  is  to  achieve  the  maximum  effectiveness 
in  actions  taken  by  troops  and  in  the  use  of  weapons,  with  scientific  methods 
of  conducting  operations  and  the  use  of  the  most  modern  technical  media  for 
controlling,  assembling, . and  processing  information,  as  the  basis. 

Methods  used  to  arrive  at  the  optimum  decisions  concerned  with  control  of 
troops  are  the  content  of  the  division  of  military  cybernetics  called  the  op¬ 
erations  research  theory.  ■ 


*  Methods  encompassed  in  operations  research  theory  are  not  only  used  in  mil¬ 
itary  affairs,  but  in  various  other  areas  of  science  and  engineering  as  well* 
<5enerally  speaking,  operations  research  is  referred  to  as  a  science  concerned 
with  rational  methods  of  organizing  purposeful  human  endeavors. 


Operations,  from  the  standpoint  of  military  cybernetics,  are  any  measures 
united  by  a  single  thought,  and  aimed  at  achieving  a  definite  goal* 

The  first  step  in  using  methods  encompassed  by  operations  research  theory 
is  to  construct  a  simplified  arrangement,  or  model,  of  the  operation.  A  model* 
is  a  mathematical  description  of  the  operation  that  takes  into  consideration 
the  basic  factors  that  vail  affect  the  outcome  of  the  operation,  and  discards 
those  factors  that  can  be  said  to  be  secondary  in  importance. 

The  effect  of  random  factors  of  different  kinds  are  usually  taken  into 
consideration  in  the  course  of  building  the  model  of  the  operation.  Consequent¬ 
ly,  the  basic  mathematical  apparatus  used  in  operations  research  is  the  prob¬ 
ability  theory,  a  science  that  studies  random  phenomena  and  the  behavior  pat¬ 
terns  inherent  in  them. 

Different  criteria  are  used  to  evaluate  the  effectiveness  of  an  operation. 
The  basic  criterion  of  effectiveness  is  the  probability  of  carrying  out  the 
combat  mission. 
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Investigation  of  a  model  of  an  operation  by  using  the  criterion^of  effect¬ 
iveness  involves  a  determination  of  the  most  rational  methods  for  using  manpower 
and  equipment  • 

One  of  the  important  trends  in  military  cybernetics  ia  the  automation  of  the 
control  of  troops  by-  using  electronic  digital  computers-  The  computers  are  used 
to  plan  and  prepare  for  the  operation,  to  assemble,  process,  and  reflect  informat¬ 
ion  for  use  in  arriving  at  decisions  for  the  different  operational  and  tactical 
missions  in  question. 

Very  high-speed  electronic  computers  make  it  possible  to  read  out  a  great 
many  variants  for  conducting  combat  operations  in  a  very  short  period  of  time, 
to  compare  them  with  each  other,  and  to  select  the  best  decision* 

15*5*  Digits!  Computers - 

One  of  the  most  significant  technical  achievements  of  our  time  has  been 
the  development  of  universal  digital  computers* 

The  appear  once  of  high-speed  electronic  digital  computers  has  made  it  poss¬ 
ible  to  automate  the  mental  activities  of  man  in  the  most  diverse  fields  of 
science  and  engineering - 

The  wide-ranging  capabilities  of  modern  computers  are  the  result  of  three 
outstanding  characteristics: 
universality; 

very  high  operating  speed; 
high  degree  of  accuracy. 

The  universality  of  computers  io  what  makes  it  possible,  at  least  in  prin¬ 
ciple,  to  automate  any  field  of  human  endeavor  based  on  information  translation. 

Universal  computers  can  solve  problems  that  are  purely  computational  in 
nature,  problems  concerned  with  the  planning  and  control  of  production,  they 
can  translate  one  language  into  another,  and  they  can  solve  a  variety  of  military 
problems . 

The  universality  of  computers  is  based  on  the  use  of  the  programmed  control 
principle,  and  on  a  set  of  operations  they  can  carry  out. 

The  speed  at  which  digital  computers  function  can  be  evaluated  by  the  number 
of  operations  completed  in  unit  time. 
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Mod  err.  electronic  digital  computers  complete  tens  and  hundreds  of  thousands 
of  operations  per  second. 

All  magnitudes  with  which  operations  are  performed  in  electronic  digital 
computers  are  represented  by  number 3 «  The  computational  accuracy  depends  on 
the  ordered  state  of  the  nuabers _  A  highly  accurate  computation  can  be  obtain* 
ed  by  selecting  the  number  of  orders  large  enough. 


15.6.  Block  Schematic  of  an  Electronic  Digital  Computer. 

Modern  universal  digital  computers  have  five  basic  devices: 
the  memory; 

the  arithmetic  device; 
the  control  device; 
the  input  device; 
the  output  device. 


Figure  15.3  i»  a  simplified  block  schematic  of  an  electronic  digital 
computer. 


Figure  15*3*  Simplified  block  schematic  of  an  electronic  digital 
computer.  A  -  signals  to  operator;  B  -  action  by  operator;  C  — 
control  device;  D  -  external  memory;  E  -  sign  of  result;  F  - 
address  cooazLands;  G  -*  numbers ;  H  —  numbers  and  ccncaods;  X  —  Op* 
erative  memory;  J  -  arithmetic  memory;  K  -  commands;  L  -  operat¬ 
ion  code;  M  -  input  device;  N  *  output  device. 

The  memory  is  designed  to  store  the  original  information,  the  intermediate 
and  final  results  of  solutions  to  problems,  and  the  program  for  making  the 
computations*  The  memory  consists  of  separate  cells  which  assume  numbers 
called  addresses. 


The  basic  characteristics  of  a  memory  are  capacity,  and  access  time. 


The  capacity  of  a  memory  is  the  number  of  numbers  that  can  be  stored  in 


in  the  memory  At  any  one  time. 


The  access  time  is  the  time  required  to  select  numbers  iron  the  memory, 
or  to  record  theta  in  the  memory. 

The  memories  of  modern  universal  electronic  digital  comp  iters  have  high 
capacities,  and  short  access  tim*»s.  This  is  what  results  in  the  electronic 
digital  computers  being  so  high  speed,  thus  making  it  possible  to  use  them 
to  solve  complicated  problems  requiring  the  storage  of  great  quantities  of 
data. 


However,  there  are  major  difficulties  involved  in  engineering  memories 
with  high  capacities  and  short  access  times,  and  it  is  for  this  reason  that 
electronic  digital  computers  usually  have  two  types  of  memories: 

an  external  memory,  sometimes  called  the  store*  and, 

an  operative  memory. 

The  external  memory  has  a  high  capacity  (up  to  several  million  numbers), 
but  the  access  time  is  long,  as  long  as  several  minutes  for  certain  types  of 
external  memories.  External  memories  are  usually  in  the  form  of  magnetic 
tapes  and  magnetic  drums. 

The  operative  memory  has  a  comparatively  low  capacity  (several  thousand 
numbers),  and  a  short  access  time  (in  units  of  microseconds)*  The  operative 
memory  in  modern  electronic  digital  computers  is  made  up  of  ferrite  cubes. 

The  arithmetic  device  is  designed  to  complete  the  arithmetical  and  logical 
operations  with  the  numbers.  The  information  to  be  processed  is  fed  from  the 
operative  memory  into  the  arithmetic  device ».  The  results  of  the  arithmetical 
and  logical  operations  are  back-recorded  in  the  operative  memory.  The  oper¬ 
ational  sequence  in  the  arithmetic  device  is  established  by  signals  supplied 
by  the  control  device.  In  turn,  certain  signs  for  the  results  obtained  (the 
sign  for  a  negative  number,  the  sign  that  the  order  network  is  overflowing, 
and  others)  are  fed  from  the  arithmetic  device  into  the  control  device. 

The  control  device  ensures  operation  of  the  electronic  digital  computer 
in  accordance  with  the  program  specified. 

The  basic  functions  of  the  control  device  are  to: 

control  the  processes  involved  in  access  to  the  operative  memory; 
control  the  exchange  of  information  between  the  operative  memory 
and  the  external  memory  j 

generate  the  control  signals  for  carrying  out  the  operations  in 


RA.-015-68 


578 


xhe  arithmetic  device^ 

control  the  processes  involved  in  information  input  and  output. 

The  input  device  is  designed  to  transmit  the  original  data  and  the  program 
for  the  computations  to  the  computer  memory.  The  information  going  into  the 
computer  is  put  in  by  the  operator  on  perforated  tape,  or  on  punched  cards,  in 
the  form  of  a  system  of  holes.  The  input  devices  translate  this  information 
into  electrical  signals  which  are  fed  into  the  computer  memory. 

The  output  device  is  designed  to  generate  the  results  of  the  solution  to 
the  problem  in  the  form  of  numerical,  alphabetical,  and  graphical  material 
printed  on  paper. 

The  programmed  control  principle.  A  problem  committed  to  an  electronic 
digital  computer  is  made  up  in  the  form  of  a  program. 

A  program  consists  of  a  sequence  of  cocnaads  (orders)  that  establish  the 
course  of  the  computational  process  in  the  computer. 

A  command  is  a  special  code  that  establishes  the  type  of  operation,  and 
the  numbers,  to  be  used  to  do  the  given  operation.  The  command  has  two  part*, 
the  operational  part,  and  the  address  part* 

The  operational  part  of  the  command  contains  the  operation  code,  which, 
when  acted  upon,  delivers  the  consand  given.  The  operation  code  is  the  ordinal 
number  of  the  command  in  the  electronic  digital  computer's  command  system. 

The  address  part  of  the  command  is  used  to  allocate  the  addresses  of  the 
cells  in  the  operative  memory  in  which  the  information  subject  to  translation 
is  stored. 


Commands  are  broken  down  into  single-address ,  and  multiaddress,  depending 
on  how  many  addresses  they  contain.  Two-  and  three-address  commands  are  the 
most  widely  used  of  the  multiaddress  comannds. 


A  schematic  representation  of  a  three-address  command  is  shown  as  Figure 


15.4. 


Operation 


Operation  code 


1st  address  2nd  address  3rd  address 


Figure  15-4-  Schematic  representation  of  a  three— address  cocnand. 


The  operation  code  (multiply,  add,  shift,  and  so  forth,  f or  example)  is 
written  down  in  the  operational  part  of  the  conmand. 

The  numbers  (addresses)  of  the  cells  in  the  operative  manor?  in  which  the 
numbers  to  be  used  io  the  operation  axe  stored  are  written  down  in  the  first 
and  second  parts  of  the  command  (A^  and  A^).  Written  down  in  the  third  part 
(A^)  is  the  address  of  the  cell  in  the  operative  memory  in  which  the  results 
of  the  operation  are  located. 

In  the  single— address  computer  the  command  contains  the  operation  code 
and  one  address.  So,  in  order  to  carry  out  an  operation  with  two  numbers, 
what  is  needed  in  the  general  case  are  three  commands,  two  to  select  the  num¬ 
bers  for  use  in  the  operation,  and  one  to  register  the  result. 

The  electronic  digital  computer  utilized  two  methods  of  carrying  out 

commands ,  natural  and  forced. 

In  the  natural  method,  all  the  commends  in  the  program  are  sent  to  the 
cells  in  the  operative  memory  one  after  the  other  in  an  ascending  sequence  of 
numbers.  When  the  command  placed  in  the  cell  with  address  o  has  been  carried 
out,  the  oomputer  automatically  shifts  to  the  cell  with  the  address  n  ♦  1, 
etc.,  until  such  time  as  a  special  command  changing  the  natural  sequence  of 
carrying  out  the  cosnand  {commands  for  conditional  and  unconditional  trans¬ 
fer,  for  example)  is  received. 

In  the  forced  method  of  carrying  out  a  command,  each  coaxsand,  in  addition 
to  its  basic  content,  indicates  the  number  of  the  cell  in  the  operative 
memory  from  which  the  next  command  must  be  selected.  The  forced  method  of  carry¬ 
ing  out  commands  is  most  often  used  in  two-  and  four-address  computers. 

15, 7«  Principal  features  of  the  electronic  digital  computer. 

The  principal  features  of  modern  electronic  digital  computers  include: 
a  numerical  system; 

a  method  for  representing  the  numbers; 

t  form  for  representing  the  numbers; 

a  system  of  operations; 

high  speed; 

order edness ; 

memory  capacity. 


Numerical  System 

A  numerical  system  is  understood,  to  mean  a  method  for  coding  numbers  by 
a  cipher.,  or  digit. 
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The  number  of  different  digits  used  in  a  numerical  system  is  called  the 
basis  of  the  numerical  system.  For  example,  ten  different  digits,  0,  1,  2, 

3,  4,  5i  6,  7,  S,  and  9,  are  u>cu  in  the  generally  accepted  decimal  number 
system.  A  ternary  number  system  with  digits  0,  1,  2,  or  -1,  0,  *1,  is  used 
in  the  "Seiun*"  electronic  digital  computer. 

Each  number  in  a  numerical  system  can  be  coded  by  a  predetermined  sequence 
digit. 


Most  existing  electronic  digital  computers  use  a  binary  system,  in  which 
two  digits,  0  and  1,  axe  utilized.  This  is  done  primarily  because  of  the 
ease  with  which  the  arithmetical  and  logical  operations  can  be  carried  out  with¬ 
in  the  framework  of  the  binary  system,  and  because  of  the  widespread  use  of 
two-position  components  (triggers,  ferrites,  and  others) 

In  the  binary  system  a  number  is  represented  by  a  predetermined  Sequential 
digit,  o  and  1.  Each  position  assumes  a  serial  number,  called  a  bit. 


A  binary  number  ha/,  n  whole,  and  m  fractional,  bits,  written  in  the  following 


form 


a  ,  • «  « 

n-i 


ai  •*•  aiV  *-1  *• 


where  a.  equals  0  aiil  1. 


All  that  need  be  done  to  translate  a  binary  number  into  a  decimal  notation 
is  to  write  it  in  tbe  form 

r,._,  a,...  <i_, . . .  c_„  =  a„_,2'->  + 

“r  4  4  afZ1  4  a02°  4-  4  —  4-  a_f^2~w' 

Example.  Represent  the  binary  number  J1011,  101,  in  a  decimal  code. 
Solution. 

1 101 1  =  1  -2*  h  i  -2’  4-Q-23  4  1 -21  +  I  -2°  +  1  *2-'  ~t 

+  <Ki-’+  f.2^=27,C25dl0r 


A  sequence  of  integral  decimals  from  0  to  10  in  tbe  binary  system  can  be 
written  in  tbe  form 

0;  1;  IO;  11;  100;  101;  111;  1000;  1001;  1010  . 


The  arithmetical  action  on  the  numbers  in  a  binary  system  is  carried  out 
in  accordance  with  rules  similar  to  those  developed  for  the  decimal  system. 
Addition  and  multiplication  tables  are  used  in  the  binary  system  as  follows: 


Addition  Table 

0-i-0  =  0 
0  •$-  1  =  1 
l  -i-0  S=  I 

»  4.  1  =0 


Multiplication  Table 
0X0  =  0 

°xi  =0 

1X0  =  0 

1X1  =  1 
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Esc  ample.  Add  the  binary  numbers  11101,  01,  and  1001,  101. 

11101.01 
+  1001.101 

100110.111 

Example.  Multiply  the  binary  numbers  101.1  and  10.01. 

101.1 
x  io.oi 
1011 
ocoo 
0000 
1011 

noo.oii 

The  binary-decimal  notation  is  the  one  most  often  used  with,  electronic 
digital  computers.  This  system  is,  in  essence,  the  conventional  decimal 
system  in  which  all  the  digits  are  represented  by  four-digit  binary  codes, 
called  tetrads, 

0  =0000  5  =  0101 

!.=oooi  6=0110 

2=0010  7=0111 

3=0011  8=1000 

4  =  0100  9  =  1001 

Example.  Write  the  number  85-3  in  the  binary-decimal  notation. 

S3,3(M)  =  iwoc50;,oor.p_10i. 

's'  5  3 

Methods  Used  to  Represent  Numbers,  in  an  Electronic  Digital 
Computer 

Three  methods  are  used  with  electronic  digital  computers  to  represent 
positive  and  negative  numbers: 
direct  code; 
one’s  code; 
two  1 s  code. 

A  sign  digit,  placed  in  front  of  the  high— order  numeric  digit,  is  intro¬ 
duced  when  numbers  are  represented  in  the  direct  code.  A  plus  sign  usually 
represents  zero,  and  a  minus  sign  usually  represents  the  units  in  the  sign  digit. 

For  example,  numbers  A  -  =  +ll<H,lj2j ,  and  B  =  -^3-5(^q)  = 

-1101, 1{2)  will  be  written  in  the  form  Ca]^  -  0.1101, 1^,  a  1.1101, 1(2)- 

A  summer  and  subtracter  must  be  available  in  the  electronic  digital  com¬ 
puter's  arithmetic  device  when  addition  and  subtraction  of  numbers  represented 
in  a  direct  code  is  done.  Representation  of  numbers  in  the  one '3  and 
two's  codes  results  in  replacement  of  the  subtraction  by  addition. 
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The  one’s  code  for  positive  numbers  coincides  with  their  direct  code* 

When  the  translation  of  negative  binary  numbers  is  from  the  direct  code  into 
the  one's  code,  the  one  must  be  left  in  the  sign  position,  arid  the  zeros  in 
the  digit  positions  in  the  direct  code  must  be  replaced  by  ones  ,  and  the 
ones  by  zeros . 


For  example 

=  0.1011,01(2),  U^ne.a  =  0.10X1, 0l(2), 

tB]d  =  1.1011,101^,  CB3one,s  =  1.0100, 010(2) 

The  addition  of  numbers  represented  in  the  one's  code  is  carried  out  in  an 
electronic  digital  computer  in  a  summer  with  end- around  carry.  In  these  summers, 
when  ones  of  the  carry  from  the  sign  position  crop  up  they  are  translated  into  a 
low-order-  digit  and  summed  with  the  results  already  obtained. 


Example.  Add  two  numbers,  1.1010,  “sd  0.1011,  0101^^,  re. 

presented  in  the  one's  code 

Ca3  .  =  1.1010,1100 


(25 

[B]  .  -  0.1011,0101,., 

one's  *  (2) 

10.0110,0001 
end-around  carry  1 


CAJ  ,  +LBJ  ,  .  0.0110,0010 

one's  one's  ’ 


(25 


The  two's  code  lor  positive  numbers  coincides  with  their  direct  code. 

In  order  to  represent  a  negative  binary  number  in  the  two’s  code  it  is  necessary 
to  make  up  the  one's  code,  add  a  low-order  unit  to  it  and  write  the  unit  in  the 
si  on  position. 


Example.  Represent  the  number  [A -  1.1010,  1100j2j  in  the  two's  code 

U3d  =  l.ioio,  noo(2. 


tone's  "  1*0101,0011  £2j 


£a] 


two's 


1.0101,0100,.,, 

\2J 


The  addition  of  numbers  represented  in  two's  codes  is  carried  out  in  summers 
without  end -around  carry.  Vhen  ones  of  the  carry  from  the  sign  position  crop  up 
they  are  dropped. 

Example.  Add  the  numbers  0.10101 ,01  and  1.10101, 10^^  represented  in 


the  two’s  code 
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UJtwo’s  -  °-1O101’01(2) 
CB3two-S  ’  ^0101,10(2) 


^A^two'3+^Bjtwo's  =  10.0ial0,ll^2j 
1  dropped 

[Al  ,  -  [B]  ,  =  0.01010,  llr„i 

two's  two's  [2, 


The  number  of  positions  available  for  representing  numbers  in  an  electronic 
digital  computer  is  limited,  so  it  is  possible  to  obtain  a  result  that  exceeds 
the  maximum  number  that  can  be  written  in  the  computer's  position  network  when 
two  numbers  with  identical  signs  are  added.  The  computer’s  position  network 
overflows . 


Modified  codes  are  introduced  to  establish  the  fact  that  the  position 
network  has  overflowed.  Code  modification  involves  the  introduction  of  two 
sign  positions*  Any  of  the  three  codes,  direct,  one's,  two's,  can  be  modified* 
Positive  numbers  in  the  modified  codes  have  two  zeros  in  the  sign  positions, 
while  negative  numbers  have  two  ones.  Different  numbers  in  the  sign  positions 
indicate  overflow  of  the  position  network. 


Example.  Add  the  number  11.0101, 01^^  and  11*1011,11^^,  represented  in 
a  modified  two's  code 

UCts  =  11-0»1.01( 

[BC.S  = 


l(2) 


r  .mod  r  -.mod 

two’s  +  two’s  =  11.0001,00 

not  overf  lowi  zig 


(2) 


Example.  Add  the  numbers  OO.OOIO^^  and  00.0110^2^,  represented  in  a 


modified  two 's  code 


=  00-1101,  . 

two  *  s  ( 2  ) 

-  00.0110,  . 

two ' s  { 2  J 


^jBiorf  +  [s]™*3  ^  01-0011, 

two '  S  two  '  6  (  2  }  - 

overflowing  present 


Forms  for  representing  the  numbers 
Numbers  are  represented  in  two  ways  in  electronic  digital  computers. 
One  is  the  natural  form  of  represent! ng  numbers,  used  in  computers  with  a  fixed 
point,  the  other  is  the  normal  form,  used  in  a  computer  with  a  floating  point. 
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In  the  case  ox'  the  natural  form  of  representing  numbers,  the  position  of 
the  point  in  the  position  network  of  the  computer  is  fixed.  In  order  to  sim¬ 
plify  the  selection  of  the  scale  factors  during  programming,  as  well  as  in  order 
to  eliminate  certain  possible  cases  of  overflowing  (when  multiplying,  for  ex¬ 
ample),  the  point  is  fixed  between  the  sign  digit  and  the  more  significant  digit. 
Only  proper  fractions  can  be  written  in  the  position  network  in  this  case* 

Figure  15-5  shows  a  schematic  representation  of  how  the  number  -0.101101 
is  written  in  the  position  network  ox'  a  computer  with  a  fixed  point.  Scale 
factors  such  that  any  numbers  cropping  up  during  the  computation  process  will 
be  less  than  one  are  introduced  during  the  programming  of  an  electronic  digital 
computer  with  a  fixed  point. 


I  >■  ll ' !  e  |  / 1 1  \  o  [7 

Figure  15-5-  Schematic  diagram  of  how  the  number  -O.lOHOl^gj  is  written 

in  the  position  network  of  a  computer  with  a  fixed  point. 

The  so-called  normal  form  is  often  used  to  write  quite  large,  or  very 
small,  numbers 

-390000<10)  =  -39-104  , 

0.00000125^  loj  =  0.125 -10-5  . 

When  this  manner  of  writing  is  used  the  value  of  the  number  depends  on  the 
mantissa  and  on  the  number  order. 

In  the  above-cited  examples,  the  mantissas  are  -39  aw*  0. 125 ,  and  the 
orders  are  4  and  -5. 

Numbers  in  normal  form  are  not  uniquely  expressed.  For  example,  the  number 
31(io3  caj0  *>e  bitten 

31(10)  ”  31*10°  *  3.1-101  =  0.31-102  -  0.031-1O3. 

The  position  of  the  decimal  point  in  the  mantissa  changes  according  to  the 
magnitude  of  the  order.  Hence  a  computer  using  the  normal  form  for  representing 
numbers  is  called  a  computer  with  a  floating  point. 

When  binary  numbers  are  represented  in  the  position  network  of  a  computer 
with  a  floating  point,  the  magnitude  of  the  order  is  usually  selected  such  that 
the  mantissa  of  the  number  is  a  proper  fraction,  in  which  one  can  be  written 
as  the  high-order  digit.  A  number  in  this  form  is  called  normalized. 
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Figure  1J.6.  Schematic  diagram  of  how  the  number*  -1101,  OllOl^j  in 

normalized  form  are  written  in  the  position  network  of  a  computer  with 
a  floating  point. 

Figure  15.6  is  a  schematic  representation  of  how  the  binary  number  -1101, 
01i01<2)  in  the  noraaliz«1  form  -0.1101O1101.24  is  written  in  the  position 
network  of  a  computer  with  a  floating  point. 

Computers  with  a  floating  point  have  a  wide  range  of  represented  numbers, 
so  scale  factors  are  not  introduced  in  the  usual  course  of  programing  tasks 
for  these  computers. 


When  arithmetical  operations  are  performed  with  the  numbers  in  electronic 
Computers  with  a  floating  point  it  is  necessary  to  translate  the  mantissas, 
as  well  as  the  orders.  This  complicates  the  structure  of  the  arithmetical 
device  and  reduces  machine  speed.  These  disadvantages  are  not  present  in 
computers  with  a  fixed  point. 


System  of  operations 

Digital  computers  can  perform  a  limited  number  of  very  simple  operations. 
The  totality  of  the  very  simple  operations  performed  by  the  computer  is  called 
the  system  of  operations.  The  system  of  operations  performed  by  a  universal 
computer  should  satisfy  two  basic  requirements:, 

realization  of  any  algorithms  for  translating  information  (the  property 
of  universality); 

simplicity  of  programming  the  electronic  digital  computer. 

Universality  on  the  part  of  an  electronic  digital  computer  is  provided  by 
a  comparatively  small  set  of  operations. 

For  example,  it  is  possible  to  build  a  universal  electronic  digital  com¬ 
puter  with  a  set  of  operations  as  follows; 

tne  operation  of  forwarding  the  contents  of  any  cell  in  the  memory  to 
any  other  cell  in  the  memory; 

the  operation  of  discrimination; 

the  operation  of  readdressing; 

the  operation  of  shutting  down  the  computer. 

Any  universal  computer  can  also  have  the  capacity  to  perform  the  inform¬ 
ation  input  and  output  operations,  in  addition  to  those  listed  above. 
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But  in  general  the  pro gran  for  a  small  number  of  operations  is  cumbersome 
and  the  programming  process  is  significantly  complicated# 

This  is  why  modern  universal  electronic  digital  computers  have  a  branching 
system  of  operations. 

The  "Ural-B,"  an  electronic  digital  computer,  has  4l  operations,  for 
example. 

All  operations  can  be  broken  down  into  four  main  groups:  arithmetical; 
logical;  control  operations;  and  forwarding  operations. 

Let  us  list  the  most  characteristic  operations  in  these  groups. 

Arithmetical  operations: 
addition; 
subtraction; 
mu 1 ti p li c ation; 
division. 

Logical  operations: 
number  shift; 

separation  of  parts  of  a  number; 
comparison  of  two  numbers. 

Control  operations: 
discrimination; 

unconditional  transfer  of  control; 

readdressing; 

stops. 

Forwarding  operations: 

transfer  from  the  arithmetic  device  to  the  operative  memory; 
transfer  from  the  operative  memory  to  the  arithmetic  device; 
transfer  from  the  operative  memory  to  the  store; 
transfer  from  the  store  to  the  operative  memory. 

The  principal  characteristics  of  Soviet  electronic  digital  computers  are 
listed  in  Table  15.1. 

15.8.  Electronic  Digital  Computer  Elements. 

Modern  digital  computers  contain  a  great  many  radio  components.  For  ex¬ 
ample,  the  number  of  transistors  (tubes)  is  in  the  thousands,  and  the  number  of 
diodes,  resistors,  capacitors  is  in  the  hundreds  of  thousands.  Nevertheless, 
the  number  of  different  types  of  elements  used  in  the  electronic  digital  computers 
is  small. 


TobXo  15.1.  Principal  Characteristics  of  Soviet  Universal  Electronic  Iltfiltnl  Computers 

Computer  Name  Averapo  speed,  No.  of  Form  of  number  roprcscntatlon  No.  of  Memory  capacities 

operations/  digits  addresses  operativo  storo 
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The  elements  contained  in  an  electronic  digital  computer  can  be  broken 
down  into  two  groups;  logical  elements,  and  memory  elements. 

So  far  as  the  logical  elements  are  concerned,  the  input  signals  at  some 
moment  in  time  are  uniquely  fixed  by  the  values  of  •  the  input  sijpials  acting 
at  that  very  same  moment  in  time. 


So  far  as  the  memory  elements  are  concerned,  the  output  signals  depend 
on  the  input  signals,  as  well  as  on  the  condition  of  the  elements. 

Every  element  in  an  electronic  digital  computer  forms  two  types  of  sig¬ 
nals,  one  of  which  corresponds  to  the  number  O,  the  other  to  1  • 


The  physical  analogues  of  O  and  1  can  be  low  and  high  potentials,  or 
■the  absence  or  presence  of  pulses  (in  tube  and  transistor  circuits),  osc¬ 
illations  with  phase  O,  and  phase  rr  (in  paraoetron  circuits),  end  others. 

The  set  of  elements  from  which  the  digital  electronic  computer  circuits 
ore  assembled  should  have  the  property  of  functional  completeness. 


Functionally  complete  sets  of  elements  are  those  from  which  it  is  poss¬ 
ible  to  build  any  circuit  for  the  conversion  of  digital  information. 

One  of  the  most  widely  used  sets  of  elements  contains  three  logical 
elements;  a  coincidence  circuit  (AND  element),  a  separation  circuit  (OR 
element),  an  inverter  (NOT  element),  and  one  memory  element,  such  *s  a  trig¬ 
ger,  for  example. 


AND  Element.  The  operation  of  the  AND  element  with  two  inputs  (x  ■wnd  y) 
2.S  described  in  Table  15-2.  The  output  signal  from  the  AND  element  is  only 
equal  to  1  when  both  input  signals  have  a  value  equal  to  1. 


Table  15.2 

Operation  of  the  AND  Element 


X 

0 

0 

1  !  . 

1 

y 

0 

1 

□  . 

• 

1  ' 

*y 

0 

0 

0 

1 

Figure  15-7-  Diagrammatic  layout  of 
the  AND  element. 
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Figure  15*7  is  the  diagrammatic  layout  of  the  AND  element. 

If  a  low  potential  (code  O)  is  fed  into  one  of  the  circuit  inputs,  the 
corresponding  diode  opens  and  a  low  potential  (code  0)  is  picked  off  the  cir¬ 
cuit  output.  It  is  only  when  high  potentials  are  present  at  both  inputs  that 
the  diodes  will  be  closed  and  that  a  high  potential  (code  1)  will  appear  at 
the  output. 


OR  Element.  The  operation  of  the  OR  element  with  two  inputs  is 
described  in  Table  15-3- 


High  potential  fed  to  any  element  input  (fig.  15*8)  is  transmitted  to 
its  output. 


Table  15.3 

Operation  of  the  OR  element 


X 

• 

0 

1 

3 

y 

0 

i 

0 

l 

xvy 

0 

1 

1 

1 

Figure  15*8.  Diagrammatic  layout 
of  the  OR  element* 


NOT  Element  is  an  inverter  made  in  the  form  of  an  amplifier  with  an  odd 
number  of  stages*  When,  a  high  (low)  potential  is  delivered  to  the  inverter 
input  therex.il  be  a  low  (high)  potential  at  its  output. 

Triggers  are  elements  with  two  stable  states. 

When  the  trigger  has  three  inputs,  one  input  is  used  xo  set  the  trigger 
in  the  0  state,  another  input  is  used  to  set  the  trigger  in  the  1  state,  and 
the  third  input  is  the  inverting  input*  When  pulses  -  are  fed  into  the  invert¬ 
ing  input  the  trigger  changes  state  with  each  pulse* 

A  trigger  with  two  inputs  only  has  adjusting  inputs,  and  a  trigger  with 
one  input  only  has  an  inverting  input. 

15*9*  -Electronic  Digital  Computer  Blocks 


The  following  blocks  are  those  most  widely  used  in'  electronic  digital 
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computers : 

pu  lse  co  unters ; 
registers; 
decoders ; 

summers • 

Pulse  counters  Are  used  to  count  the  number  of  pulses  fed  into  the  count¬ 
er  input*  The  results  of  the  pulse  count  are  usually  recorded  in  the  farm  of 
a  binary  code  for  the  number  of  pulses  fed  into  the  input. 

Fiflure  15.9  is  the  structure!  layout  of  a  three-digit  sunning  counter. 


Figure  15-9-  Structural  layout  of  a  three-digit  sunning  counter. 

Prior  to  operation  all  the  counter's  triggers  are  zeroed  by  a  y  pulse. 

o 

Pulses*  x*  to  be  counted  are  fed  into  the  inverting  input  of  the  l©*:— order 

digit  trigger*  Tr  .  Trigger  Tr  changes  state  with  the*  arrival  of  each 
o  o 

pulse.  Trigoer  Tr^  will  only  change  state  when  trigger  Tr^  is  in  state  1, 
and  a  pulse  is  fed  into  the  counter  input  because  it  is  only  in  this  case 
that  a  pulse  to  be  fed  into  the  inverting  input  of  trigger  Tr^  can  be  formed 
at  the  output  of  the  coincidence  circuit,  If  triggers  Tr^  and  Tr^  are 

in  the  1  state  at  the  tine  of  arrival  of  x  pulses,  circuit  P ^  causes  trigger 
Tr0  to  function. 

As  the  pulse  counting  process  proceeds  the  trigger  outputs  provide  an 
ascending  sequence  of  numbers  in  a  binary  code. 

This  type  of  counter  is  called  a  summing  counter. 

Electronic  digital  computers  also  use  subtract  counters  that  count  pulses 
in  a  descending  sequence  of  numbers,  and  reversible  counters  that  sum,  as  veil 
as  subtract. 

Registers,  A  storage  device  designed  for  storing  one  number  is  called 
a  register. 
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0oe  trigger  cell  is  used  to  store  one  digit  of  a  number.  The  number  of 
trigger  cells  in  a  register  equals  the  number  of  digits  in  the  stored  binary 
number. 

Registers  can  he  parallel  or  series,  depending  on  the  method  used  to 
feed  the  number  into  the  register. 

A  number  is  recorded  in  the  parallel  register  (fig.  15.10)  by  using  the 
P1  circuit,  into  one  input  of  which  is  fed  the  digits  of  the  number,  and 
into  the  other  the  number  record  control  signal  (y^,).  If  some  one  of  the 
digits  of  the  number  is  1,  the  output  of  the  P  circuit,  into  the  input  of 
which  the  particular  digit  had  been  fed,  will  develop  a  signal  that  will  set 
the  corresponding  trigger  cell  in  the  1  state. 

Delivery  of  the  code  stored  in  the  number  register  is  by  the  use  of 
circuit  P^,  controlled  by  the  number  delivery  signal  ( y^) - 

The  trigger  cells  are  zeroed  by  the  fa  signal  prior  to  the  reception  of 
a  new  number. 


Figure  15.10.  Structural  layout  of  a  parallel  register. 


outputs  Svtoit*4 


The  series  register  (fig.  15.11)  has  one  input  that  receives  a  series  code 


RA -015-68 


592 


in  the  number  record  mode.  The  register  is  fed  a  shift  pulse,  SP,  after 
delivery  of  each  digit  in  the  number,  and  this  set? All  trigger  cells  in  the 
0  state.  If  one  of  the  triggers  is  in  the  1  state  the  delivery  of  the  shift 
pulse  changes  that  particular  trigger  to  the  0  state  and  a  signal  forms  at 
the  trigger  output  that  shifts  the  next  trigger  in  line  to  the  1  state-  This 
is  what  provides  for  the  movement  of  the  digits  in  the  number  through  the 
register’s  cells.  The  delay  lines  between  trigger  cells  in  the  register  pre¬ 
clude  the  pulses  coinciding  in  time  at  the  trigger  inputs. 

A  series,  or  a  parallel,  code  can  be  used,  to  deliver  the  number  from  a 
series  register. 

n  pulse  Shifts  are  fed  into  the  register  in  order  to  obtain  delivery  of 
a  series  coded  n— digit  number. 

The  register  has  additional  circuits,  (see  fig*  15.103,  controlled  by 
the  number  deliver  signal  for  purposes  of  delivering  a  parallel  coded  number. 

Decoders.  Decoders,  or  selective  circuits,  function  as  follows. 

The  delivery  of  some  combination  of  binary  signals  to  the  decoder  input 
will  result  in  a  signal  appearing  at  but  one  output.  The  number  of  decoder 
outputs  equals  the  number  of  different  combinations  of  binary  signals-  it  is 
possible  to  deliver  to  the  decoder's  input. 

If  it  is  possible  to  feed  any  combination  of  binary  signals  (the  number  of 
such  combinations  equals  2n)  into  n  decoder  inputs,  the  number  of -decoder  out¬ 
puts  will  equal  2n .  Decoders  such  as  these  are  classed  as  complete  decoders. 

Diode  decoders,  and  ferrite  core  decoders,  are  most  widely  used  in 
electronic  digital  computers. 

The  decoder  has  an  input  register  and  a  matrix  that  is  a  set  of  coincidence 
circuits. 

Figure  15-12  shows  the  structural  and  diagrammatic  layouts  of  a  three 
input  decoder. 

There  is  only  one  coincidence  circuit,  at  all  inputs  to  which  there  are 
high  potentials,  for  each  combination  of  input  signals.  There  willr  there¬ 
fore,  be  a  nigh  potential  at  the  output  of  this  circuit. 
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ia>  (b) 


Figure  15- 12.  Three  input  decoder,  a  —  structural  layout, 
b  -  diagrammatical  layout. 


Figure  15-13.  Structural  layout  oi  a  summer  with  parallel 
input  of  summand  digits. 


Decoders  are  used  in  electronic  digital  computers  to  select  the  memory 
cells  for  recording  and  information  readout  by  specific  address,  for  process¬ 
ing  control  signals  by  codes  used  in  the  particular  operations,  and  in  the 
output  device  for  printing  control. 

Summers »  The  summer  is  the  basic  component  in  the  electronic  digital 
computer's  arithmetic  device.  Summers  with  a  parallel  input  of  summand 
digits  are  the  type  most  widely  used  (fig.  15.13 )- 
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The  aunner  circuit  consists  of  triggers  into  the  inputs  of  which  ere 
fed  the  aumand  digits,  and  carry  circuits. 

Each  trigger  of  the  cumulative  summer  has  two  basic  functions;  sussing 
of  numbers  in  a  given  order,  and  storing  the  results  Obtained* 

Two  numbers  are  added  Ixt  the  sumer  in  four  tine  steps. 

During  the  first  sum  steo  all  s»er  triggers  are  zeroed  by  a  y  pulse. 

o 

During  the  second  step  the  digits  of  the  first  sura  and  are  fed  into  the 
trigger  inputs*  All  triggers  receiving  a  signal  corresponding  to  1  at  their 
inputs  are  shifted  to  the  1  state. 

During  the  third  step  the  digits  of  the  second  susuod  are  fed  into  the 
trigger  inputs.  Triggers  signalled  corresponding  to  code  1  change  state. 

A  carry  signal,  fed  into  the  trigger  inputs  from  the  high-order  digits,  ap¬ 
pears  at  the  outputs  of  the  triggers  that  have  shifted  from  state  1  to  state 
O. 


During  the  fourth  step  the  results  are  removed  by  signal  y^. 

The  major  shortcoming  in  the  summer  shown  in  Figure  15.13  i*  its  compar¬ 
atively  slow  speed,  explained  by  the  fact  that  the  carry  signal  moves  from 
trigger  to  trigger  in  turn. 

This  is  why  0'samers  with  simultaneous  carry  are  quite  frequently  used  in 
olectronic  digital  computers.  Special  logical  circuits  are  inserted  in  the 
carry  circuit  to  provide  for  simultaneous  carry. 

If  a  sequence  of  several  numbers  is  fed  into  the  summer  input  the  summer 
will  accumulate  the  results  cf  the  addition  of  these  numbers.  This  is  why 
a  Rimer  of  this  particular  type  is  called  A  cumulative  oumcr. 

There  are  combination  type  summers  as  well*  based  on  logical  circuits 
(without  triggers).  Both  siimmwl n  are  fed  into  the  input  of  the  combination 
summer  simultaneously,  and  the  result  of  the  addition  will  appear  at  the 
output  at  the  moment  the  wai uT a  are  delivered. 

Summers  with  a  series  input  of  srmmimrt  digits  are  some  times  used  in  slow 
speed  electronic  digital  computers  in  order  to  safe  on  equipment. 
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15. 1C-  Principles  on  Which  the  Main  Units  in  the  Electronic  Digital  Computer 
_ _ are  Based 


Hawrim 


There  are  a  great  many  different  types  of  memories,  differing  from  each 
other  with  respect  to  operating  principles,  purpose,  and  parameters. 

ferrite,  magnetic  drum,  and  magnetic  tape  memories  are  the  types  mast 
widely  used  in  modern  electronic  digital  .computers. 

The  ability  to  use  ferrooumetic  materials  for  remembering  information 
is  based  on  the  fact  that  these  materials  hare  two  stable  magnetic  states, 
one  of  which  can  he  used  to  store  the  0  code,  the  other  to  store  the  1  code. 


Figure  15.14.  Schematic  diagram  of  an  individual  matrix  for 
a  matrix  memory - 

FeirXte  cube.  The  ferrite  cube  is  the  main  'type  of  operative  memory 
used  in  modem  electronic  digital  computers.  This  type  oi  memory  has  a 
short  access  time,  and  this  is  constant  during  access  to  any  cell  in  the 
memory. 


The  ferrite  cube  memory  in  (.  ferrite  torus  with  control  windings. 

Toroidal  cores  are  connected  up  into  a  cell,  and  the  number  of  core*  in 
a  cell  is  equal  to  the  number  of  digits  in  t-e  numbers  in  the  electronic  dig¬ 
ital  computer. 
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The  number  of  cells  in  a  cube  is  what  determines  its  capacity* 

Matrix  memories  and  type  z  memories  differ  in  the  manner  in  which  they 
record  and  are  read  out. 

Design-wise,  the  matrix  memory  is  made  ir  the  form  of  individual  matrices 
each  of  which  combines  the  cores  of  all  the  cells  designed  for  storing  the 
same  number  order.  The  number  of  matrices  is  equal  to  the  number  of  digits 
in  the  numbers  in  the  electronic  digital  computer. 

Pour  buses,  two  coordinate  (x  and  y),  a  read-out,  and  a  compensating, 
pass  through  each  core  of  the  matrix  (fig-  15-14). 

The  matrix  memory  functions  on  the  coincidence  of  currents  principle. 

Let  us  review  the  principle  involved  in  recording  and  reading  out  inform¬ 
ation  with  the  matrix  memory. 

Let  us  say,  by  way  of  an  example,  that  we  must  record  code  1  in  the  sixth 
core  (fig.  15-14)-  The  record  signals  are  fed  over  the  coordinate  buses  x£ 
and  y^  to  the  particular  core  found  at  their  intersection.  The  record  signal 
fed  over  each  of  the  coordinate  buses  has  two  pulses,  one  negative,  the  otner 
positive,  with  amplitude  1^/2.  The  amplitude  of  the  current  pulses  is  select¬ 
ed  such  that  only  that  core  found  at  the  intersection  of  the  selected  coordin¬ 
ate  buses  is  remagnetised* 

The  sixth  core  is  zeroed  by  the  negative  record  pulse,  while  the  positive 
pulses  change  it  over  to  the  1  state. 

A  negative  pulse  with  amplitude  1^/2  is  fed  to  the  compensating  bus  while 
code  0  is  being  recorded  by  the  positive  pulses  along  the  coordinate  buses. 

At  the  3ame  time,  one  of  the  positive  pulses  is  cancelled  out  and  the  core  will 
remain  in  the  0  state. 

Negative  and  positive  current  pulses  are  fed  to  the  corresponding  coordin¬ 
ate  buses  for  read-out  of  information  from  the  core  selected* 

The  negative  pulses  cause  the  read-out  to  occur,  while  the  positive  pulses 
restore  information  previously  recorded  in  the  core. 

If  .the  core  selected  were  found  to  be  in  the  O  state,  the  negative  pulses 
would  have  no  effect  on  its  state,  and  no  eof  would  be  induced  in  the  read-out 
winding. 
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If  the  core  is  storing  code  1,  the  negative  pulses  cause  the  core  to 
change  to  the  0  state,  and  a  pulse  will  appear  in  the  read-out  winding. 

Since  ferrite  hysteresis  loops  are  not  strictly  rectangular,  cores  in¬ 
duce  an  interference  caf  in  the  winding  under  the  effects  of  the  half -curr¬ 
ents.  Compensating  cores,  strobing,  and  integration  of  the  output  signal 
are  used  to  reduce  the  level  of  interference- 

The  type  z  memory  is  made-  in  such  a  way  that  the  read-out  current  will 
only  act  on  the  core  of  one  numerical  cell  at  a  time.  A  simplified  struct¬ 
ural  layout  of  this  device  is  shown  in  Figure  15»15« 


Figure  15-15-  Simplified  structural  layout  of  the  type  z 
memory. 


All  the  cores  in  each  of  the  numerical  cells  thread  a  single  winding 
connected  to  a  ferrite  core  transformer  tap  and’  serving  to  select  the 
cell,  and  called  a  coordinate  transformer'.  All  coordinate  transformers  are 
combined  into  a  matrix  so  a  cell  can  be  selected  on  the  current  coincidence 
principle  to  record,  or  read-out,  a  number. 


Each  coordinate  transformer  is  threaded  by  three  buses;  two  coordinate 
£x  and  y),  and  an  output  (z). 

Two  pulses  are  formed  in  the  z  winding  of  the  selected  coordinate  trans¬ 
former;  a  negative  one  with  amplitude  I  ,  and  a  positive  one  with  amplitude 

n 

V2- 
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?h*  negative  pulse  zeroes  all  the  cores.  At  the  same  timr,  pulses  occur 
in  those  read-out  windings  that  pass  through  the  cores  and  are  in  the  1  state* 

The  positive  pulses  record  or  restore  information. 

In  order  to  record  rode  1  in  the  core  (or  to  restore  this  code  after 
read-out),  a  positive  pulse  with  amplitude  1^/2.  is  fed  to  the  record  winding 
at  the  sane  time  that  the  positive  pulse  with  amplitude  1^/2  is  acting  in  the 
x  winding.  Current  coincidence  will  cause  the  selected  core  to  convert  to  the 
1  state. 

There  is  no  pulse  in  the  record  winding  *rhen  O  is  being  recorded  (or  re¬ 
stored  )  . 


The  special  feature  of  the  operation  of  the  cell  in  the  type  z  memory  is 
that  the  load  resistance  of  the  coordinate  transformer  will  change  with  the 
code  recorded  in  the  cell.  Cocpensating  cores  (fig-  15-16)  are  inserted  in 
each  cell,  in  addition  to  the  working  c«res,  in  order  to  Stabilize  the  load. 

The  capacity  of  an  electronic  digital  computer  ferrite  cube  is  several 
thousand  numbers- 


Figure  15 -lb-  Simplified,  layout  of  an  individual  cell' in  a  type 
z  memory- 


Magnetic  drum.  The  magnetic  drum  is  used  as  an  external  memory  in  modern 
electronic  digital  computers,  as  well  as  an  operative  memory,  but  a  slow-speed 
one- 


The  magnetic  drum  is  a  cylinder,  the  surface  of  which  is  covered  with  a 
magnetic  medium.  Information  is  stored  on  the  surface  of  a  magnetic  drum  in 
the  form  of  magnetized  segaents. 

Magnetic  heads  record  and  read-out  the  information- 

When  information  is  being  recorded  the  current  flowing  through  the  magnetic 
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heads  creates  a  magnetic  field,'  and  this  in  turn  forms  a  magnetized  segment 
on  the  surface  of  the  drum. 

During  read-out,  the  magnetized  sclent,  passing  under  the  magnetic  heads, 
induces  a  voltage  ir.  "them  corresponding  to  the  0  or  1  signal. 

The  information  is  in  the  fora  of  trades  around  the  periphery  of  the  mag¬ 
netic  drum.  The  density  with  which  the  binary  signs  are  recorded  along  the 
tracks  determines  the  speed  of  rotation  of  the  magnetic  drum  and  the  length  of 
the  cods  pulses. 

The  rate  of  rotation  of  the  magnetic 'drum  in  modern  electronic  digital 
computers  is  between  100  and  2000  rpm,  and  the  density  of  the  recording  along 
the  tracks  is  from  2  to  30  pulses/am. 

The  transverse  density  of  the  recording  (the  density  of  the  recording  with 
respect  to  the  cylinder's  generator)  is  2  to  10  trucks /cn . 

These  characteristics  make  the  capacity  of  the  magnetic  drum  type  memory 
several  hundred  thousand  binary  3ignn. 

Spot  marks  are  made  on  the  surface  of  the  magnetic  drum  and  are  used  to 
form  synch  pulses  which  are  fed  to  the  cell  address  counter  in  order  to  gain 
access  to,  or  record,  a  number  at  a  particular  address.  The  reading  on  the 
address  counter  corresponds  to  the  cumber  of  the  cell  that  is  positioned 
under  the  beads  of  the  magnetic  drum  at  the  particular  moment  in  time. 

The  magnetic  dram  is  included  among  the  cyclic  access  memories.  The 
period  during  which  access  is  bad  to  the  cell  is  fixed  by  the  drum  diameter 
and  the  revolution  rate. 

Magnetic  tape.  Magnetic  tope  memories  are  the  most  widely  used  tvpe  of 
external  accumulator  associated  with  the  electronic  digital  compute’  . 

The  chief  advantages  of  the  magnetic  tape  memory  are: 

high  capacity  memory,  reaching  hundreds  of  thousands  of  numbers; 
highly  reliable  storage  and  delivery  of  information; 
simplicity. 


The  maTietic  tape  is  an  elastic  base  with  a  ferromagnetic  coating.  Mag- 
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netic  heads  ore  used  to  record,  read-out,  and  erase  information  on  the  magnetic 


tape. 


The  tape  is  divided  up  into  zones  for  convenience  .of  access.  The  address 
code  ox*  the  zone  is  recorded  at  the  beginning  of  each  zone. 


The  information  is  located  on  tracks  on  the  tape  under  the  magnetic  beads. 
The  chief  disadvantage  of  the  magnetic  tape  memory  is  the  long  access  time. 

Arithmetic  Device 


The  arithmetic  device  in  the  electronic  digital  computer  is  designed  to 
carry  out  arithmetical  and  logical  operations.  The  arithmetic  device  can 
be  of  the  parallel,  or  series,  type,  depending  on  the  method  used  to  intro¬ 
duce  the  numbers. 

The  parallel  arithmetic  device  operates  on  all  the  orders  of  numbers  sim¬ 
ultaneous!  y.  The  series  arithmetic  device  operates  on  the  numbers  in  turn, 
usually  beginning  with  the  low  order  ones. 

High-speed,  parallel  devices  are  the  ones  most  widely  used. 

The  main  unit  is  the  summer.  The  device  also  contains  registers  for 
storing  the  original  numbers,  as  well  as  the  intermediate  and  final  results. 

The  structure  of  the  arithmetic  device  depends  or  the  manner  in  which  the 
numbers  are  represented.  The  arithmetic  device  has  two  summers  in  a  machine 
with  a  floating  point,  a  mantissa  p jmmer,  and  a  sequence  summer. 

The  arithmetical  and  logical  operations  performed  by  the  device  can  be 
broken  down  into  a  series  of  elementary  operations  called  microoperations. 

For  example,  microoperations  include  zeroing  the  arithmetic  device's  regist¬ 
ers  and  summers,  receiving  the  number  code,  shifting  the  number  code  to  the 
low,  or  high,  orders,*  and  delivery  of  the  result  code. 

The  microprogram  is  the  predetermined  sequence  of  mierooperationa  performed 
by  the  arithmetic  device.  For  example,  the  following  microprogram  can  be  used 
for  addition  in  the  arithmetic  device.' 

setting  the  receiving  register  and  the  summer  on  0; 

-transmitting  the  augend  code  from  the  operative  memory  to  the  register; 
transmitting  the  augend  code  from  the  register  to  the  summer; 
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seating  the  receiving  register  onO; 

transmitting  the  addend  code  from  the  operative  memory  to  the 

register” 

transmitting  the  addend  code  from  the  register  to  the  suzaaer; 
transmitting  the  sum  obtained  from  the  summer  to  the  operative 

memory - 

Completion  of  the  microprogram  is  through  the  use  of  signals  generated 
in  the  local  control  unit  of  the  arithmetic  device* 

Control  Device 

The  control  device  is  designed  to  automatically  carry  out  the  program 
and  coordinate  the  operations  of  all  the  devices  in  the  computer. 

The  control  device  carries  out  the  following  basic  functions: 
computer  starting  and  stopping; 

inputs  of  original  data  and  programs  in  the  operative  memory 5 
automatic  completion  of  the  program; 
delivery  of  results; 

monitoring  the  process®^  involved  in  c ferrying  out  the  program. 

Commands  are  used  to  enable  the  control  device  to  carry  out  programs 
automatically*  As  the  process  is  carried  out  the  control  device  selects 
the  command  from  the  operative  memory,  generates  the  control  signals  needed 
to  carry  out  the  command,  and  prepares  to  select  the  next  command. 

The  following  basic  units  are  contained  in  the  control  device: 
the  command  register - 

the  operation  code  register,  and  the  operation  decoder; 
clerk  pulse  unit; 
command  counter. 

The  control  device  also  includes  a  control  and  signal  panel,  a  start- 
stop  unit,  cyclic  operation  block,  and  other  blocks. 

Let  us  see  how  the  control  device  carries  out  a  three-address  command. 

The  address  of  a  command  for  access  is  stored  in  the  command  counter. 
The  cocmand  code  for  this  address  is  fed  from  the  operative  memory  to  the 
command  register-  The  command  registrar  has  two  sections,  one  operational, 
the  other  address.  The  operation  code  is  fed  from  the  command  register  to 
the  operation  register,  and  the  address  code  is  fed  to  the  address  register 
in  the  operative  memory.  The  numbers  concerned  with  the  operation  are  fed 
from  the  operative  memory  to  the  arithmetic  device  by  address  codes.  The 
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operation  code  is  fed  iron  the  operation  register  to  the  decoder-  The  number 
oi*  decoder  outputs  equals  the  number  of  operations  carried  out  by  the  electronic 
digital  computer. 

The  signal  for  the  particular  operation,  subsequently  led  to  the  local 
control  block  in  the  arithmetic  unit,  is  formed  at  one  of  the  decoder' a  output 
buses  according  to  the  operation  code-  The  local  control  block  in  the  arith¬ 
metic  device  forms  the  microprogram  for  carrying  out  the  particular  operation 
in  accordance  with  the  operation  signal.  When  the  arithmetic  device  has  com¬ 
pleted  the  operation  the  result  is  recorded  in  the  operative  memory  according 
to  the  address  indicated  in  the  particular  command. 

At  the  ena  of  the  cycle  tue  reading  on  the  command  counter,  which  is  stor¬ 
ing  the  command  in  progress,  increases  by  one.  It  can  be  anticipated  that  it 
is  possible  to  change  the  command  counter  reading  by  a  number  different  from 
one-  This  is  necessary  when  carrying  out  a  command  for  conditional  and  un¬ 
conditional  transition. 

Control  signals,  formed  by  the  clock  pulse  unit,  ensure  that  the  sequence 
in  which  the  control  device  functions  to  carry  out  commands  is  followed- 

Input  and  Output  Devices 

The  input  device  is  designed  to  transcribe  the  original  information 
from  punched  tape  (punched  cards}  to  the  electronic  digital  computer  memory. 

The  punched  tape  is  a  carrier  of  information.  Numbers  and  commands,  re¬ 
presented  by  combinations  of  O  and  1,  are  present  00  the  punched  tape  in  the 
form  oX  a  system  of  holes  (perforations)  positioned  in  several  rows-  The 
presence  of  a  hole  in  a  corresponding  position  usually  signifies  1  in  a  pre¬ 
determined  order  of  numbers,  with  absence  of  a  hole  depicting  zero.  A  spec¬ 
ial  electromechanical  device,  a  perforator ,  punches  the  holes  to  transcribe 
the  information  onto  the  tape. 

Photoelectric  equipment  is  used  to  read-out  information  from  modern 
electronic  digital  computers.  This  method  oovea  the  translucent  tape  in 
front  of  an  illuminated  slot  for  the  read— out.  Every  time  a  bole  passes  in 
front  of  the  slot  the  light  flux  strikes  the  photoelectric  cell  and  is  con¬ 
verted  into  an  electrical  pulse.  Re*d-out  can  take  place  at  a  rate  of  60Q 
signs /second. 

Punched  cards  are  used  in  some  electronic  digital  computers  for  inform- 
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ation  input.  Till'  advantages  of  the  punched  card  over  the  punched  tape  is  that 
damaged  cards  can  be  replaced,  and  it  is  more  convenient  to  rearrange  thee,  when 
changes  in  the  information  they  contain  ere  made. 

The  output  device  usually  consists  of  three  main  blocks: 
the  register  block; 
the  local  control  block; 
the  printer. 

The  register  block  is  designed  to  receive  the  numbers,  convert  them  into 
an  oc ternary ,  or  a  binary-decimal,  code,  and  produce  the  control  signals  for 
the  electromagnets  in  the  printer. 

The  local  control  block  selects  the  type  of  printing  to  be  used,  in 
the  oc  tonary  code,  or  in  the  decimal  code,  and  others. 

Two  types  of  printers  are  used,  bar  and  wheel.  Bar  printers  can  print 
1  cr  2  numbers  per  second,  while  the  wheel  printer  can  print  30  to  40  num¬ 
bers  per  second. 

Photographic  adapters,  cathode  ray  tubes,  electronic  recording  potentio¬ 
meters,  and  other  instruments,  can  be  used  as  the  output  devices  in  special 
purpose  electronic  digital  conputers. 
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Chapter  XVI 

Fundamentals  of  General  Information  Theory 


16.1  Sasic  Definitions 

Communication  system.  A  communication  system  is  understood  to  mean 
all  of  the  devices  and  fucilites  required  to  transmit  messages  from  sender 
to  receiver*  A  general ized  communication  system  can  be  shown  in  block 
sc  ematic  fora  (fig.  l6.1). 


Figure  16.1.  Block  schematic  of  a  communication  system. 

1  -  sender;  2  -  transmitter;  3  -  communication 
line;  4  -  receiver;  5  -  noise  source. 

Transmitter.  The  transmitter  is  a  device  that  processes  messages  and 
produces  communication  signals  in  a  manner  established  by  the  particular  de¬ 
sign. 

Receiver.  The  receiver  is  a  device  that  converts  the  communication 
signal  received  and  restores  the  signal  message. 

Noise  source.  Noise  is  always  present  in  a  communication  system-  The 
effect  of  noise  on  the  useful  signal  is  to  distort  the  message  transmitted 
when  the  message  is  received  at  the  receiver  input.  The  degree  to  which  the 
incoming  message  corresponds  to  that  sent  establishes  communication  authentic¬ 
ity,  and  the  capacity  of  the  system  to  provide  authentic  communications  in 
the  presence  of  noise  is  called  system  noise  immunity* 

Coenunication  channel.  A  communication  channel  is-  understood  to  mean 
the  totality  of  equipment  used  to  ensure  the  independent  transmission  of  the 
particular  message  over  a  connson  communication  line  in  the  form  of  correspond¬ 
ing  communication  signals. 

Communication  signal.  In  electric  communication  the  signal  is  understood 
to  mean  the  electrical  distrubance  uniquely  reflecting  the  message.  Com¬ 
munication  signals  vary  greatly  in  shape,  and  arc  voltages,  or  currents, 
that  changes  in  a  definite  manner  with  the  passage  of  time. 

Message.  In  information  theory  the  message  is  understood  to  mean  the 
totality  of  the  infon&ation  that  can  be  transmitted  to  a  receiver,  or  in 
other  words,  the  message  is  everything  that  lends  itself  to  transmission . 
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In  remote  control  systems  the  message  is  a  limited  number  of  previously 
conventionalized,  commands,  and  in  telemetry  the  result  of  a  measuranent  in 
some  magnitude. 

In  telegraph  communication  the  message  is  any  text  written  in  a  pre¬ 
determined  alphabet,  and  in  telephone  communication  the  message  is  any  sound 
(speech,  music)  in  a  predetermined  frequency  band. 

In  facsimile  communication  the  message  can  be  any  text,  drawing,  photo¬ 
graph  or  picture,  or  images  on  ordinary  or  special  paper,  in  a  definite  for¬ 
mat,  Television  communication  is  any  fixed  or  moving  image  projected  onto 
the  transmitting  tube. 

When  messages  are  transmitted,  the  random  nature  of  their  appearance  is 
intrinsic.  Actually,  if  there  were  laws  enabling  the  receiver  to  visualize 
how  the  message  was  going  to  appear  at  any  given  moment,  the  transmission 
of  messages  would  provide  no  new  information. 

Information,  Information,  insofar  as  information  theory  and  the  trans¬ 
mission  of  messages  is  concerned,  is  understood  to  mean  data  concerning  the 
results  of  some  event  which  should  take  place,  or  has  already  taken  place, 
but  the  outcome  of  which  bad  not  been  known  ahead  of  time.  Information  de¬ 
livered  from  the  message  source  is  included  in  human  speech,  in  the  reading 
of  a  measuring  device,  in  a  telephone  call,  telegram,  or  radio  message,  in 
facsimile  broadcasts,  television  and  radar  images,  and  the  like. 

Any  message  contains  some  useful  data  (information) 

Information  Content.  General  information  theory  measures  the  infor¬ 
mation  content  in  binary  digits.  It  is  abbreviated  as  b.d.,  or  bit.  The  word 
bit  stems  from  the  abbreviation  of  the  words  binary  digits  in  the  English 
language. 

Vhen  the  case  is  one  of  equally  probable  messages,  the  numerical  measure 
of  the  information  content,  X,  can  be  taken  as  the  binary  logarithm  of  the 
number  of  possible  messac*?1  N: 


If  N  =  2, 


I  «  log2  N  [bits]. 


(16.1) 


1  *  log^2  *  1  bit. 

Therefore,  it  is  accepted  that  the  unit  of  information  content  is  that 
information  content  that  does  away  with  the  ambiguity  in  the  selection  of 
one  of  two  equally  probable  outcc^es.  This  unit  for  the  information  content 
is  called  the  binary  digit,  or  bit. 

Each  of  N  messages  can  be  transmitted  in  the  form  of  a  coded  combination 
of  length  n,  which  is  a  combination  of  m  possible  symbols,  that  is  N  *  m11 . 

Now  the  information  content  in  a  message  made  up  of  n  symbols  will  be  equal  to 
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I  -  n  loo,  *  [bits3.  (16.2) 

One  Binary  pulse  one  bit  of  information,  that  is,  if  ■  =  2, 

and  o  =  l,  than  1  =  1  (bacau*  1x^2  =  1). 

In  binary  Kystcas  the  infomat i an  content  is  equal  to  the  achbi  r  of 

pulam,  1  a  d. 

In  the  general  case  the  probability  of  the  appearance  of  different 
eleaeot*  (different  sassages)  can  be  unequal.  For  mr Maple,  the  letters  most 
often  encountered  in  words  in  tbs  Rom  sain  language  are  O,  A,  E.  H,  end  those 
least  often  encountered  are  X,  <t>.  III 

The  following  formula  can  be  nsed  to  find  the  information  content 

/= *  2  Pi  lo&-£-  CbitsJ  (16.3) 

as  ri 

where 

a  is  the  maafeer  of  dement*  in  the  aessage; 

»  is  the  total  meter  of  possible  element  states; 

p.  is  the  probability  of  the  appearance  of  the  is  dement  state. 

The  forsala  at  (l6.3)  is  correct  for  sufficiently  long  eereegee 
It  is  correct  as  an  average  far  abort  messages. 

If  the  probability  of  none  element  is  equal  to  1  (j.  >  l),  the  informa¬ 
tion  content  will  be  equal  to  zero  (1  =  0).  Ibis  is  only  natural,  because 
in  this  ease  the  situation  is  eo^letely  clear  ahead  of  time,  and  the  me~m.gr 
will  pruride  nothing  new.  Co  the  other  band,  ita  all  the  element-,  are  equal 
in  probability,  the  situation  has  its  greatest  anbigoity  and  the  information 
content  becomes  mtimO-  the  formula  at  (16.3)  is  converted  into  the  expression 
at  (16.2). 

Entropy.  Information  theory  uses  a  magnitude  that  defines  the  specific 
information  content  arriving  per  element  in  the  message 

'r='V  =  2p-U«I77  1bits/el«*eut3.  (16.W 

In  the  special  case  of  equally  probable  elements 

/,  =  V  =  <°Sr»Cbits/el«meut3  (i6.S) 

the  specific  information  content  is  only  dependent  on  the  properties 
of  the  message  source.  Conventionally,  this  magnitude  is  called  entropy 
of  the  message  source.  The  dependence  of  the  entropy,  X",  on  the  probability 
p , ,  of  one  of  t»o  messages  (m  =■  2)  is  shown  in  Figure  16.2.  System  entropy 
(the  entropy  of  the  message  source)  is  niti—  when  the  events  are  of  equal 
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probability ,  and  equals  zero  when  toe  OX'  the  probabilities  xs  equal  to  one* 
Thus,  noohomogeaaeity  in  message  elements  reduces  the  information  con¬ 
tent  of  a  message,  and  this  a^es  it  possible  to  speed  up  message  trans¬ 
mission. 


Figure  16.2.  Dependence  of  the  information  content 
arriving  per  aessage  element  on  the 
probability  on  one  of  two  messages. 

16.2  Principal  Characteristics  of  Signals  and  Communication  Channels 

Signal  volume  and  chancel  capacity »  Vhen  solving  practical  problems 
steaming  Cron  general  information  theory,  the  signal  is  characterized  by 
the  volume,  V^,  equal  to  the  product  of  three  of  its  characteristics;  signal 
length  T^,  signal  spectrum  width, AF^,  and  excess  ; 

V  -  T  AF  H  .  (16.6) 

s  s  s  s 

The  product  of  these  three  magnitudes  plotted  parallel  to  the  axes  in 
a  Carter  si  an  system  of  coordinates  is,  geometrically,  a  parallelepiped  with 
sides  Tgl  AF^,  H^,  and  hence  the  produce  is  called  the  volume  of  the  signal. 

Signal  length  defines  the  interval  of  time  over  which  the  signal  exists. 

Signal  spectrum  width  is  the  interval  of  frequencies  within  which  the 
frequency  .spectrum-limited  communication  signal  is  located.  The  real  com¬ 
munication  signal  is  contained  within  the  spectrum  of  frequencies  within  the 
communication  channel  pans  band. 

The  excess  of  average  signal  power,  P  ,  over  average  noise  power,  P  , 

s  n 

is  found  through  the  expression 

H„  =  1-9  VV  <16’7) 

The  minimum  average  signal  power  should  be  greater  than  the  average 
noise  power. 

A  communication  channel,  by  its  physical 'nature,  is  in  a  condition  to 
pass  effectively  only  signals,  the  spectra  of  which  are  in  the  limited 
band  AF^,  for  a  permissible  range  of  change  in  power,  ,  and  which  is 
determined  by  the  difference  in  the  maximum  permissible  signal  level  in 
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the  channel  and  xhe  noise  level,  normalized  for  the  particular  type  of  com¬ 
munication  channel.  .Moreover,  the  communication  Channel  is  made  available 
to  the  message  sender  for  a  completely  established  period  of  time,  t^.  Con¬ 
sequently,  the  concept  of  channel  capacity,  V^,  is  introduced  in  the  general 
theory  of  communications  by  analogy  with  the  signal,  and  is  defined  as  the 
product  of  the  three  channel  characteristics  mentioned 

v  .  T  If  h  ,  CaS.SJ 

c  c  c  c 

A  necessary  condition  for  the  transmission  of  a  signal  with  voJuae 
over  a  communication  channel,  th*  capacity  of  which  is  equal  to  Vfi,  is 

v  2  v  ,  or 

c  s’ 

T  AF  V  *  7  aF  H  .  (16.9) 

C  C  C  B  3  S 

The  physical  characteristics  of  a  signal  can  be  changed,  but  if  they 
are, a  reduction  in  one  is  accompanied  by  an  increase  in  another.  For 
example,  if  a  signal  is  recorded  on  a  magnetic  tape  at  alow  speed  and  is 
then  reproduced  at  high  speed,  the  signal  length  will  be  reduced,  but  its 
spectrum  width  will  be  increased  by  an  equal  factor. 

Traffic  handling  capacity  and  transmission  speed.  Traffic  handling 
capacity  of  a  communication  channel  is  understood  to  mean  the  number  of 
messages  that  can  be  transmitted  in  unit  time  with  the  required  degree 
of  transmission  accuracy.  In  other  words,  the  traffic  handling  capacity 
is  the  limiting  speed  at  which  information  can  be  transmitted. 

The  limiting  traffic  handling  capacity  depends  on  the  channel  band¬ 
width,  as  well  as  on  the  signal  noise  power  ratio,  and  is  found  through 
the  formula 


C  *  AF  log-  (1  ■*  P  JP  )  Cbits/second},  Cl6.10) 

max  c  2  s  c 


where 


Ps  and  are  the  average  signal  and  noise  powers,  respectively; 

Ax  is  the  channel  bandwidth, 
c 

The  expression  at  {16.10)  is  called  the  Shannon  formula  and  is  correct 
for  any  conagicication  system  when  fluctuation  noise  is  present. 

The  following  expression  is  convenient  to  use  for  practical  computations 


=  1.44  AF.  log  <1  «•  e2^),  U6.ll) 

where 

AP  is  the  difference  in  the  signal  and  noise  levels,  in  nepers. 

Modem  telephone  channel  a,  which  hare  &P  •  (4*5  to  5*5)  nepers,  can 
theoretically  reach  a  traffic  handling  capacity  of  40  to  50  thousand  bits 
p^r  second.  However,  modern  systems  used  to  transmit  information,  over 
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telephone  channels  have  a  capacity  of  no  more  than  ^4oo  bits/second.  Thus, 
the  Shannon  formula  suggests  an  extremely  significant  future  increase  in  the 
traffic  handling  capacity  of  information  transmission  systems ,  Moreover,  vhat 
also  follows  from  the  formula  is  that  authentic  transmission  of  messages  can 

take  place  even  when  P  <  P  . 

an 

In  telegraphy  the  traffic  handling  capacity  is  characterized  by  tele¬ 
graphic  speed,  and  this  is  defined  as  the  number  of  elementary  code  pulses 
that  can  be  transmitted  in  one  second.  The  unit  of  speed  in  telegraphy  is 
the  baud,  that  is,  the  telegraphic  speed  at  which  one  elementary  pulse  of 
current  is  transmitted  in  one  second. 

Accordingly,  telegraphic  speed  is 

B  =  1/t  0»ud3,  (16.12) 

o 

where 

is  the  length  of  the  elementary  current  pulse,  in  seconds; 

So  far  as  the  telegraphic  speed  limit  is  concerned,  the  length  of  an 

elementary  pulse,  t  ,  can  be  equal  to  its  rise  time,  t  • 
o  r 

The  length  of  the  rise  is  fixed  by  the  channel  band  width,  AF^_ ,  and  is 
approximately  equal  to: 

when  modulated  signals  with  two  side  bands  are  transmitted 

t  =  l/AF  ; 

r  c 

vh«n  transmission  is  with  one  side  band,  or  is  of  unmodulated  direct 
current  pulses 

tr  -  1/2AF.. 

Accordingly,  in  telegraphy,  the  maximum  transmission  speed  is  equal  to 

Bm«  -  (l6*13) 

This  formula,  called  the  Nyquist  criterion,  is  of  great  value  in  com¬ 
munication  engineering. 

Since  one  elementary  pulse  carries  one  bit  of  information,  the  traffic 

handling  capacity  of  a  binary  channel  will  equal 

C  *  S  =  2&F  Cbits/sec  3-  (l6.l4) 

max  max  c 

Practical  transmissions  are  made  at  slower  speed,  so  a  satisfactory 
shape  of  incoming  signals  can  be  expected  without  the  use  of  special  cir¬ 
cuits.  It  is  believed  that  it  is  sufficient  to  provide  for  the  transmission 
of  three  harmonics  of  the  fundamental  signal  frequency,  that  is 

dF  =  3K  ,  (16.15) 

c  min  1 

where 

AP  is  the  raTTviTniini  channel  bandwidth : 

c  man  1 

F^  is  the  fundamental  key ing , frequency ,  equal  to  half  the  tele¬ 
graphic  speed  (F^  [  hertz]  -  B  £bauds3/2)» 
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Consequently 


3  B/2  -  1.5  » 


Transmission  speed  xn  bauds,  and  traffic  handling  capacity  in  bits  per 
second,  connot  coincide  in  binary  systems  because  of  the  tran.saa ssion  of 
service  information  (of  synchronising  pulses)  and  of  excess 
during  coding.  Therefore,  the  traffic  handling  capacity  in  terms  of  useful 
information  is  usually  lower  than,  the  telegraphic  speed 

C  =  n  A*,  (16.16) 

use  use  t 

where 

n  is  the  amber  of  pulses  of  useful  information  transmitted; 
use  * 

is  the  duration  of  the  transmission. 

Transmission  levels.  In  wire  communication  the  power  at  the  Bending  end, 

"  -  — 

equal  to  one  milliwatt,  and  called  the  zero  level  (P^  *  1  milliwatt  *  XO 

watt)  ,  is  taken  as  the  original  magnitude  for  power  comparison  purposes-  If 

the  line  input  resistance  equals  »  600  ohms,  the  zero  voltage  level  is 

U  *  0.775  volt,  and  the  zero  current  level  is  1  *  1.29  mill  lamps, 

o  o 

It  is  convention  to  OM  a  logarithmic  scale  to  compare  powers,  and  the 
level ,  expressed  in  nepers  (units  of  lerel),  can  be  found  through  tbe  formula 

p(  nepers]  *  1/2  log  Pfc/P<>  *  1/2  log  V^/l  milliwatt,  (l6.17) 

where 

I*t  is  the  power  at  the  termination,  expressed  in  milliwatts. 

If  the  level  is  expressed  is  decibels,  then 

p  (db]  »  10  log  Pj/1  milliwatt.  (l6-l8) 

The  conversion  from  one  set  of  units  to  the  other  can  he  made  through 
the  following  equalities 

1  ®  «  0.115  neper, 

1  neper  -  8.68  db. 

The  difference  in  levels  at  the  input  and  output  of  a  communication 
channel  is  called  the  overall  line  attenuation.  According  to  prevailing 
standards  the  overall  line  attentuation  for  telephone  channels  vbould  range 
between  0.8  and  1.0  neper. 

If  the  power  at  the  sending  end  is  P^,  and  the  power  at  the  termination 
is  ,  the  attenuation  in  nepers  will  be 

b  (nepers]  =  1/2  log  P ^/P^.  (16.19) 

Similarly  for  the  voltages 

b  (nepers]  «  log  U ^/U^, 
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ju>d  for  ou'reuU 

b  J. nepers j  -  log  I ^/I^. 

Amplifiers  are  inserted  in  the  line  to  coeqMnaatc  for  ai&ul  attenna- 
tion  on  long  lines.  The  overall  line  attnmat ion,  b^,  /or  the  entire  com 
wmication  channel  can  bo  "found  as  the  algebraic  son  oT  the  atteoLatiaa,  b. 
and  the  gain,  I.,  /or  the  individual  sections. 

~yj h. — is^  (16.20) 

Qumntl  fregnengr  rfjpoti**  cm-r<.  Bie  plot  of  tlu  ortrill  line 
jttauxtuD  In  tan  of  tlx.  frequency  is  called  the  r  n—a  1  in  util  channel 
frojoency  response  mire. 

In  a  telephone  channel  the  frequency  band  bounded  by  the  frequencies 
on  thi»  oTcrall  channel  attenuatiou  macocdm  the  channel's  overall  at- 

teeatiop  at  a  fraqnery  of  800  hearts  by  1  neper  is  called  the  band  of  ef¬ 
fectively  transmitted  frequencies. 

Figure  16-3  shows  the  plot  of  the  overall  line  attenuation  in  terms  of 
the  frequency  (the  limits  of  permissible  deviations  /or  a  standard  tele¬ 
phone  channel  with  a  frequency  baud  from  300  to  3400  hertz). 

Channel  amplitude  response  curve.  The  plot  of  the  transmission  level  at 
the  output  of  a  channel  (or  the  increase  in  its  overall  line  attenuation} 
in  terms  of  the  magnitude  of  the  level  at  the  input  is  understood  to  be  the 
channel  amplitude  response  curve.  Inflection  of  the  amplitude  response 
curve  is  permissible  for  values  of  the  level  at  the  input  of  at  least  *0.8 
nepher  if  nonlinear  distortions  are  to  be  avoided  in  the  standard  telephone 
channel. 

rh»TTTM»i  phase  response  curve  and  group  porpagarion  tine.  Om  channel 
phase  response  curve  is  understood  to  be  the  plot  of  the  phase  shift,  9, 
between  the  oscillations  at  the  channel  input  and  output  in  terms  0/  the 


Figure  l6.3-  Dependence  of  the  overall  line  attenuation 

on  the  frequency  /or  a  normal  telephone  channel. 
The  channel  frequency  response  curve  should  fall 
between  the  hatched  boundaries- 
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Figure  1 6. 4.  PJuute  response  curve  for  a  telephone 
channel . 

If  the  phase  response  is  linear  over  the  entire  .spectrum  of  transmitted 
signal  frequencies  the  signal  will  he  transmitted  without  distortion  and 
will  appear  at  the  channel  output  after  time  interval  T^,  which  is  called 
the  group  propagation  time 

-  dcp/dcc. 

Group  propagation  tine  is  the  time  interval  between  signal  delivery 
to  the  input  to  appearance  at  the  channel  output  of  the  maximum  energy  of 
some  group  of  oscillations  within  a  sufficiently  narrow  hand  of  the  spectrum. 

If  the  phase  response  curve  is  nonlinear,  the  group  propagation  time 
will  depend  on  the  frequency  and  on  the  different  groups  of  signal  frequency 
components  delivered  to  the  channel  output  at  different  times.  The  result 
will  be  signal  distortion. 

In  real  communication  channels  the  minimal  nonuniformity  in  the  group 
propagation  time  takes  place  in  the  middle  of  the  curve  (fig.  1 6.4) .  This 
is  why  the  center  of  the  channel  hand  is  used  to  transmit  telecode  signals. 
16*3  Converting  the  Message  Into  a  Signal 

Messages  to  he  transmitted  are  usually  nonelectrical  in  nature.  A 
text ,  for  example,  is  a  set  of  characters  (letters  and  punctuation  marks), 
and  sound  is  a  change  in  pressure  in  terms  of  time,  etc.  The  communication 
channel  can  only  transmit  the  electrical  reflection  of  the  message,  the 
signals. 

The  porcess  of  converting  a  message  into  a  signal  involves  three  op¬ 
erations;  conversion,  coding,  and  modulation. 

Conversion 

Hie  conversion  of  a  message  into  a  communication  signal  involves 
translating  nonelectrical  magnitudes,  those  including  in  the  original  mes¬ 
sage,  into  electrical  ones.  For  example,  a*  photo  electric  cell  is  used  to 
convert  the  image  reflected  from  an  object  by  a  beam  of  light  into  the  cor¬ 
responding  electrical  oscillations. 


IU-015-68 


613 


Coding 

Coding  is  the  building  or  the  message,  or  signal, ^on  a  definite 
principle.  A  code  is  a  combination  composed  of  different  elementary 
signals.  The  particular  code  selected  must  provide; 

diversity  of  code  elements  so  the  receiver  can  react  to  the  individual 
elementary  sigrais  contained  in  the  code; 

simplicity  in  building  the  code,  that  is,  use  of  a  minimum  number  of 
code  elements  (of  a  base)  and  the  maximum  number  (index  n)  oi  possible  com¬ 
binations  of  electrical  transmissions,  in  accordance  vith  the  needed  number, 
N,  of  meaningful  messages 

X  -  mn.  U6.21) 

Telegraph  type  printer*?,  use  a  uniform,  five— unit  code  for  each  Char¬ 
acter.  The  nvratcr  of  elements  in  the  code  is  a  *  2  (binary  code).  The 
number  of  elementary  electrical  transmissions  is  n  »  5  Cf iv-e-elcaovc  code). 

Then 

N  =  ar  •  25  *  32. 

This  five- element  binary  code  can  transmit  32  different  characters 
(messages) - 

Uniform  codes.  Uniform  codes  are  those  in  which  each  code  combination 
consists  of  the  same  number  of  elements.  A  five-element  telegraphic  code 
(fig.  l6.5)  as  an  example.  Ti  e  digits  can  be  transmitted  by  a  positive 
pulse,  aero  by  negative  pulses  of  the  Same  length.  The  transmission  by  a 
positive  pulse,  zero  by  negative  pulses  of  the  same  length.  The  trans¬ 
mission  time  for  any  code  combination  in  a  five— element  code  equals  5To 


Figure  16.5*  Selected  combinations  cf  a 
uniform  five-element  code. 

A  six-element  unifrom  code  can  be  built  in  the  same  way,  so  2^  =  64 
different  combinations  can  be  transmitted.  The  process  for  a  seven- element , 
etc.,  code  is  similar* 
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Uniform  codes  sake  it  comparative! y  siwple  tc  build  transmitter  ****  re— 
ceircrs  Tor  autosatod  and  autosatic  discrete  rn—mir  it  inn  systems* 

MonuaiTora  codes.  Nonunifora  codes  are  those  in  which  the  code  cow 
binations  differ  trow  each  other,  not  only  with  respect  to  the  interposition 
of  zeros  and  digits,  text  also  in  their  numbers. 

A  typical  example  of  the  nanunifbrm  code  is  the  Horse  code,  in  which  the 
cl  went b  in  the  code  combinations  of  digits  and  zeros  are  used  in  hut  two 
rowhinat  ion  ~  singly  (l  and  O)  ,  or  in  triplets  (ill  and  OOO) .  Hie  signal 
corresponding  to  one  digit  is  *m»,7  a  dot,  that  corresponding  to  three 
digits  a  dash*  The  zero  element  is  used  to  separate  a  dot  from  a  dash,  a 
dot  fra  a  dot,  and  a  dash  Crow  a  dash*  A  set  of  three  zeros  ends  each  code 
riMSinatimi,  thu3  simply  separating  one  code  rrah-i nation  fra  another*  Fig¬ 
ure  16.6  :e  u  exa^le  of  a  Morse  code  combination* 


\  t  t  l  S)  1  Q  1  0  t  e  89 


Figure  l6.£.  Selected  combi nations  of  a  non— 
uniform  Morse  code. 

Hie  time  required  to  transmit  each  of  the  characters  in  the  Morse  code 
is  different*  The  shortest  combination  in  the  code  is  the  letter  E,  with  a 
length  equal  to  4  ,  and  the  longest  is  22^  (the  nmber  O)  * 

Given  the  structure  of  the  Russian  language,  the  average  for  transmitting 
by  Morse  code  is  some  9-5  elementary  pulses  per  character,  making  it  a  less 
economical  code  as  compared  with  the  fire— «I«eut  uniform  code.  The  advant¬ 
age  of  the  Morse  coda  is  that  it  can  be  received  by  ear,  hmee  is  widely 
used  in  radio  conn ications  for  sending  fay  key  and  receiving  fay  ear* 

Modulation 

Modulation  is  the  effect  on  one  of  the  parameters  of  the  signal  carrier 
resulting  from  law  governing  the  change  in  the  function  reflecting  the  mes¬ 
sage  transmitted  over  the  communication  channel.  Hie  transfer  agent  used 
in  electric  rntmm i cation  is  direct  current,  high  or  low  frequency  alter¬ 
nating  current,  or  a  periodic  sequence  of  short  pulses* 

Pulses  of  code  combi  nations  can  be  transmitted  directly  over  lines 
passing  extremely  low  frequencies,  such  as  physical  lines, .or  cables,  for 


RA-015-68 


615 


example.  If  the  transmission  must  be  made  over  telephone  channels,  which 
will  not  pass  very  low  frequencies,  recourse  is  had  to  modulation  oX  one  of 
the  parameters  of  a  harmonic  oscillation,  called  the  carrier 

u(t)=>UMt in(»f  +  ?0.'  (16.22) 

where 

is  the  amplitude; 
cd  is  the  angular  frequency; 

is  the  initial  phase  of  the  oscillations* 

Modulation  can  be  anplitude  (AH),  frequency  (FM) ,  or  phase  (PM),  de¬ 
pending  on  the  parameter  modulated. 

Amplitude  modulation.  A  radio-frequency  oscillation,  the  amplitude  of 
which  changes  ^cording  to  the  lav  governing  the  modulating  voltage,  is 
said  to  be  amplitude  modulated.  For  example,  an  oscillation,  with  carrier 
frequency  f  can  be  changed  by  -the  amplitude  of  the  oscillations  occurring 
in  accordance  with  the  lav  governing  the  modulating  frequency  f  (fig.  l6.7). 


Figure  16.7-  Oscillograms  of  amplitude  modulated 
oscillations. 

a  -  carrier  frequency  oscillations; 
b  -  modulating  frequency  oscillations; 
c  -  amplitude  modulated  signal  with  mod¬ 
ulation  factor  less  than  one; 
d  -  amplitude  modulated  signal  with 

modulation  factor  greater  than  one. 
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T»ie  modulation  factor,  m  -  AV/U  £  1,  must  be  legs  than  one,  or  at  the 

m 

very  worst  equal  to  one,  in  order  to  transmit  the  signal  without  distortion. 
When  »  >  1,  overtjodulation  occurs,  and  the  envelope  of  the  amplitude  modulated 
oscillation  does  not  repeat  the  shape  of  the  curve  of  the  modulating  vol¬ 
tage,  and  signal  distortion  win  result*  The  practical  modulation  factor 
,is  taken  as  equal  to  0*8  to  0*9* 

The  amplitude  modulated  oscillation  consists  of  three  components  in 
the  simplest  of  cases,  when  the  modulating  voltage  is  a  low  frequency  sin¬ 
usoidal  oscillation;  a  carrier  frequency  oscillation,  and  two  side  fre¬ 
quencies  Cfig.l6«8)«  If  the  modulation  is  by  the  frequency  spectrum,  as 
is  the  case  when  speech  is  transaitted,  the  amplitude  modulated  oscillation 
will  consist  of  the  carrier  frequency  oscillation  and  two  side  hands 
(fig  16.9)* 

If  the  modulating  signal  is  designated  x  (t),  the  expression  for  an 
AM  signal  will  be  in  the  form 


tt  (i)  *=  Vm  1 1  +  mx  (/)]  sin  (»>/  +  <?«)- 
When  binary  signals  are  transmitted  m  a  1,  so 

« <0  =  £/„  [  1  T  X  (0;  sin  K  +  ”0)- 


<16.23) 


(l6.24) 

The  amplitude  of  the  modulated  signal  will  change  from  2U  to  aiero. 

m 

The  width  of  the  frequency  spectrum  of  an  amplitude  modulated  signal 
is  twice  that  of  the  maximum  modulating  frequency.  For  example,  if  the 
rar-frurm  transmitted  speech  frequency  is  equal,  to  F  =  3-4  kHz,  the  width  of 
the  spectrum  of  the  amplitude  modulated  signal  will  be  fiF  =  2F  ■  6.8  kHz. 


o-'i  u  o*c 


Figure  16*8*  Frequency  spectrum  of  an 

amplitude  modulated  signal 
when  the  carrier  is  mod¬ 
ulated  by  a  single  audio 
frequency. 


Figure  I6.9. 
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Frequency  spectrum  of  an 
amplitude  modulated  signal 
when  the  carrier  is  modulated 
by  the  audio  frequency  spectrum* 
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Single- sideband  modulation.  Single- sideband  modulation  is  a  type  of 
signal  transmission  in  which  the  transmitter  radiates  only  a  single  side¬ 
band  with  the  suppressed  carrier  (the  pilot  signal),  or  without  it  (fig.  16.10) 


Figure  l6. 10.  Frequency  spectrum  in  the  case  of  single- 
sideband  modulation. 

In  the  receiver  the  carrier  frequency  from  the  local  oscillator  is 
added  to  the  incoming  single  sideband  signal  and  the  audio  frequency  spectrum 
is  restored  in  the  demodulator* 

The  advantage  of  single— sideband  modulation  is  that  the  band  of  fre¬ 
quencies  radiated  by  the  transmitter  is  halved  so  transmitter  power  can  be 
used  more  effectively  because  it  is  expended  on  radiating  the  single  side¬ 
band  and  this,  in  turn,  increases  reception  noise  resistance  because  of  the 
narrowing  of  the  passband. 

A  disadvantage  that  must  be  pointed  out  is  the  extremely  regid  demands 
imposed  on  the  frequency  stability  for  the  transmitter  and  the  receiver* s 
local  oscillator,  because  this  serves  to  complicate  the  equipment  and  increase 
it-  cast. 

Frequency  modulation.  Vhen  frequency  modulation  is  used,  the  amplitude 
of  the  oscillations  of  the  carrier  frequency  remains  constant,  but  the  fre¬ 
quency  changes  according  to  the  law  reflecting  the  nature  of  the  modulating 
voltages  (fig.  l6.ll). 

A  frequency  modulated  oscillation  can  be  represented  in  the  form  of  s 

vector  of  fixed  length  swinging  around  its  initial  position  with  an  angular 

frequency  Cl  (fig.  16.12).  The  maximum  angle  of  deflection  is  C  -  a  -  (the 

ra  _ 

modulation  index*  and  it  can  be  defined  as  the  ratio  of  the  amplitude  of  the 
change  in  the  frequency,  to  the  angular  frequency  of  the  modulation  [). 

•  f^/F.  (16.25) 

The  modulation  index  characterized  the  modulation  depth.  If  the  amp¬ 
litude  of  the  change  in  the  frequency,  f^,  or,  and  this  is  the  same  thing, 
the  frequency  deviation  is  less  than  the  modulation  frequency,  that  is,  if 
<  F,  the  modulation  index  will  be  <  1.  In  this  case  the  vector, 
swinging  near  its  middle  position,  will  be  deflected  from  it  by  an  angle 
less  than  57°  -  This  is  called  narrow  band  frequency  modulation  and  occupies 
the  same  frequency  band  as  is  found  in  amplitude  modulation. 

But  if  ^  F,  the  maximum  angle  of  deflection,  cp^  «  can  be  larger 
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than  jfio*,  with  the  result  that  the  vector,  rotating  around  its  middle  position, 
will  complete  more  than  one  full  turn  to  some  particular  side.  This  is  called 
broad  band  frequency  modulation  and  covers  the  frequency  band  equal  to  approx¬ 
imately  double  the  deflection  frequency,  2T,. 

The  width  of  the  spectrum  of  a  frequency  modulated  signal  can  be  de¬ 
fined  accurately  enough  for  practical  use  through  the  approximate  formula 

d/7— 2T(1  +  «,  +  ■/«;),  (16.26) 

where  AF  is  the  width  of  the  spectrum  of  the  frequency  modulated  signal; 

F  is  the  mod  u  1  at  ion  frequency ; 
nf  is  the  modulation  index. 


«r 


a 


ft/WWW- 


b 


Figure  16-11  -  Oscillogram*  of  frequency*  tacdttlated 
oscillations., 

a  -  carrier  frequency  oscillations; 
b  _  modulating  frequency  oscillation; 
c  -  frequency  sodnlatad  signal- 


Figure  16-12- 


Vector  representation  of  a  frequency 

nodulated  oscillation. 


Phase  modulation.  Hiase  modulation  can  be  considered  to  be  a  variety 
of  frequency  modulation,  with  the  phase  of  the  high-frequency  oscillation 
changing.  Where  phase  modulation  differs  from  frequency  -modulation  is  in 
pltoso  modulation  being  defined  by  tho  angular  deflected  of  tho  vector 
resultant  from  the  position  of  the  carrier  frequency,  whereas  frequency 
modulation  is  defined  by  the  rate  of  thin  deflection,  that  is,  by  the  derivative'"' 
of  the  phase  in  terns  of  time- 
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When  &  pure  tune  is  nodulated  it  is  difficult  to  conclude  bow  it  was 
nodulated,  in  frequency,  or  phase,  just  from  the  nature  of  the  oscillation 
and  its  properties.  In  both  cases  the  Vector  (fig,  .16,12)  swings  relative 
to  its  initial  position  in  a  manner  such  that  angle  9  will  change  with  respect 
to  time  according  to  tbe  law 

q>  =  mf  sin  Qt  in  the  case  of  phase  modulation; 

9  »  K'qA'  sin  at  sin  Qt  in  the  case  of  frequency  modulation. 

The  difference  between  frequency  and  phase  modulation  will  only  show 
up  in  the  event  there  is  a  change  in  the  frequency  of  the  modulation,  or 
when  the  frequency  band  is  modulated.  Urea  too,  frequency  and  phase  mod¬ 
ulation  differ  in  the  manner  in  which  the  modulation  is  carried  out.  In 
the  case  of  the  former  the  direct  effect  of  oscillator  oscillations  on  the 
frequency  is  used,  whereas  in  the  case  of  phase  modulation  the  oscil¬ 
lator  is  modulated  in  a  phase  modulator. 

In  general,  if  the  modulating  signal  is  x  (t),  the  expression  for  find¬ 
ing  the  signal  in  the  case  of  phase  modulation  is  in  the  form 

a  (0  —  <7.  sin  i  •*  +  i?*  (i)  1, 


£<?  is  the  phase  deviation. 

The  condition  A<p  £  90°  oust  be  satisfied  ia  order  to  aroid  ovcrmodula- 


tion. 


Phase  modulation  is  accompanied  by  a  change ‘in  signal  frequency,  be¬ 
cause,  by  definition,  frequency  is  the  rate  of  change  in  phase  in  terms 
of  tine 


(16-28) 


In  the  case  of  phase  modulation  of  the  frequency 


(16.29) 


The  changing  frequency  is  called  the  instantaneous  frequency,  and  the 
changing  phase  in  called  the  present  phase 


(16.30) 


Phase  modulation  is  not  used  for  transmitting  speech,  and  it  is  only 
recently  that  it  has  been  used  in  discrete  cow— oni cation  system a  to  transmit 
binary  signals  (see  keying,  or  on— off  modulation)* 
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Figure  1 6*13 •  Cscillograas  of  different,  types  of  pul ec  modulation. 

a  -  modulating  voltage;  b  -  clock  pulses;  c  -  amp¬ 
litude  modulated  pulses;  d  —  pulse  length  modulation; 
e  -  frequency  modulated  pulses;  f  -  phase  modulated 
pulses. 

Principal  types  of  pulse  modulation.  A  distinguishing  feature  of 
pulse  communication  engineering  is  the  use  of  a  periodic  pulse  train  as 
the  message  transfer  agent,  characterized  by  the  following  parameters: 
pulse  height  (amplitude),  h; 
pulse  length,  T; 
pulse  repetition  rate,  T  =  l/T; 

position  of  the  pulses  in  terms  of  time  relative  to  the  position 
of  the  pulses  of  an  unmodulated  train,  that  is,  the  pulse  phase. 

If  v«  change  one  of  the  above  parameters  by  the  modulating  function  ve 
can  obtain  four  principal  types  of  pulse  modulation  (fig.  16*13): 
amplitude  pi use  modulation  APM; 
frequency  pulse  modulation,  FPM; 
phase  pulse  modulation,  PPM; 
pulse  length  modulation,  PLM. 

Signal  quantization.  Signal  quantization  is  the  presentation  of  a 
continuous  signal  in  the  form  of  a  discrete  one.  In  practice,  this  is  done 
by  replacing  the  continuous  physical  magnitude  by  a  finite  set  of  its  values 
(quantized  levels). 
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There  jltc  two  qmn.tiza.tion  cases;  in  terms  of  level  (fig-  16.14)  and  in 
terms  of  time  (fig.  16.25)  -  In  the  figures  X(t)  is  the  continuous  signal  and 
S(t)  represents  the  discrete  values  of  the  continuous  signal 


Figure  16*15*  An  example  of  time  quantization. 


In  the  case  of  level  quantization,  the  discrete  signal  remains  un¬ 
changed  until  the  value  of  the  continuous  signal  reaches  some  present  mag¬ 
nitude.  and  this  can  be  at  any  moment  in  time. 

In  the  case  of  time  quantization,  the  magnitudes  of  a  continuous  signal 
that  exist  at  a  present  moment  in  time  are  recorded.  The  discrete  magnitude 
can  he  rounded  to  the  nearest  quantization  level  in  this  case. 

In  the  case  of  combination  quantization,  the  signal  can  be  quantized 
in  terms  of  time  and,  in  addition,  its  value  can  be  level  quantized  at 
time  paints-  * 

V.A.  Hotel  *  nikovTs  theorem.  If  the  function  X(t)  contains  no  frequency 

higher  than  F  hertz,  it  can  he  completely  defined  by  the  sequence  of  its 
m 

values  at  a  monent  in  time  read,  one  to  another,  by  l/ ZB  second. 

X3 

Kotel ’nikov1  s  theorem  points  out  that  given  these  conditions,  the 
transmission  of  a  continuous  signal  can  he  reduced  to  the  transmission  of 
individual  pulses,  or  of  code  combinations. 

A  continuous  communication  signal  is  a  function  with  a  limited  spectrum, 
so,  in  accordance  with  Kotel  'nikov's  theorem,  there  is  no  need  to  transmit 
all  the  values  of  the  function  in  order  to  completely  define  the  curve  of 
the  function  X(t)  at  the  receiver.  It  is  sufficient  to  transmit  the  in¬ 
dividual,  instantaneous,  values  (fig.  16.16)  read  at  time  intervals 

it  =  l/2eF, 

where 

AF  is  the  spectrum  width  for  the  function. 

The  readings  are  most  usually  taken  as  the  width  of  the  spectrum  for 
the  function.  The  -lumber  of  sample  values  can  be  computed  through  the 
formula 
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AT=.Jj.  =  21F7\  (16.31) 

where 

X  is  the  1  inited  interval  during  which  the  function  X(t)  is  considered. 


Figure  16.16.  An  example  of  the  transmission 
of  a  continuous  function  by  its 
discrete  values. 


Figure  16.17.  Curve  of  the  function  of  the 
rtadinga. 


T2}«=  auxiliary  function  (the  function  of  tb«  readings) 


y(.o 


iis2^y  ua<V 

*  V 


a  6.32) 


is  used  for  an  annT  ytical  definition  of  the  function  X(t) ,  using  its  values 
st  the  moment  of  the  reading. 

The  curve  of  this  function  is  shown  in  Figure  16.17. 

The  function  of  the  readings  has  a  uaifoxa  spectra  in  the  frequency 
hand  fron  0  to  F^.  At  point  Y(0)  «=  1,  and  at  point  t  =  nit  =  nl/2F^ 
the  function  T(ndt)  =  0.  Here  n  is  any  integer  (positive  or  negative). 

On  the  basis  of  what  has  been  said  in  the  foregoing,  the  present  signal 
X(t)  can  be  represented  by  the  following  stm 


X{f)=  ^ 

-  V  X(Ait\ 


(16-33) 
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where 

aAt  ere  the  reading  points  along  the  t  axis. 

The  expression  at  (16.33)  accurately  defines  the  function  X  (t)  at  any 
movent ,  t_ 

The  value  of  Kotel  •nikov*  s  theorem  for  comnunicatioa  "theory  and  engine¬ 
ering  is  that  based  on  it,  the  transmission  of  a  continuous  message  reduces 
to  the  same  situation  that  pertains  in  the  case  of  the  traua issi  w  of  a 
discrete  message,  or,  putting  it  another  way,  in  both  cases  the  transmission 
reduces  to  one  of  transmitting  a  discrete  sequence  of  mnbers.  This  theorem 
is  the  basis  for  all  poise  communication. 

The  necessary  pulse  repetition  rate  (the  clock  rate)  can  be  found,  through 
the  formula 


<16.34) 


Pulse-code  modulation.  Pulse-code  modulation  is  understood  to  mean  the 
transmission  of  continuous  functions  by  a  binary  code. 

In  order  to  obtain  pulse-code  modulation,  the  signal  being  transmitted 
(fig.  1 6.1 8a)  is  level  (or  time)  quantized.  The  quantized  level  values 
(fig.  I6_l8b)  in  this  case  are  represented  by  a  sequence  of  zuxabors,  5i  7* 

9,  6,  4,  2,  recorded  in  a  binary  counting  system.  This  series  can  be 
written  in  the  fora  of  four-digit-  numbers  as  follows:  0101,  0111,  1001,  0110, 
0100,  OOIO. 


Figure  16.18.  An  exmaple  of  pulse-3code  modulation 
a  -  continuous  function  of  a  message ; 
b  -  quantized  values  of  the  function. 


Figure  16.19.  A  pulse-code  modulation  confirm)  1  cation 
signal. 
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Assuming  th-l  1  designates  the  positive  train,  and  that  0  designates  the 
negative,  ve  obtain  a  combination  of  direct  current  transmissions  (fig.  16.19) 
transmitted  over  the  communication  channel. 

Accordingly,  quantization  provides  us  with  a  way  to  reduce  the  number 
of  different  numbers  subject  to  transmission  to  some  finite  magnitude  N, 
which  expresses  the  number  or  permissible  levels  there  axe  on  the  quantiza¬ 
tion  scale. 

If  a  quantization  step  is  taken  as  1,  (N-l)  will  be  the  notation  for 

the  largest  quantized  number.  The  necessary  number  of  characters,  n,  in 

n 

a  binary  code  combination  can  be  found  from  the  relationship  N-  2  ,  from 
whence 

«  =  log,iV.  (16.35) 

If  n  is  not  a  whole  number  it  is  rounded  to  the  nearest  larger  whole 
number. 

The  selection  of  the  number  of  levels ,  N,  oust  give  consideration  to 
the  fact  that  the  fewer  the  quantitation  steps,  that  is,  the  greater  the 
number  of  quantization  stages.,  the  more  accurately  the  particular  function 
(the  continuous  signal)  will  be  transmitted*  However,  increasing  the  number 
of  stages  requires  that  the  code  combinations  be  increased,  and  this  is  un¬ 
desirable*  A  compromise  solution  is  arrived  at  experimentally*  For  example, 
it  has  been  found  that  satisfactory  speech  quality  in  voice  transmissions 
can  be  had  when  n  ^  100*  Hence,  it  follows  that  a  telephone  conversation 
can  be  held  when  the  pulse-code  modulation  uses  a  seven-unit  binary  code 
because  N  ■  2^  =  128. 

Pulse-differcnce  modulation*  Pulse-difference  modulation  is  under¬ 
stood  to  be  the  transmission  of  the  increments  of  the  quantized  levels  of 
a  continuous  signal  through  the  medium  of  pulses  with  a  calibrated  shape 
and  based  on  the  "pulse  -  no  pulse"  principle*  Here  it  is  not  the  signal 
values  proper  that  are  quantized  and  transmitted,  but;  their  increments 
relative  to  the  preceding  values,  that  is,  the  difference  between  these 
values*  The  quantization  is  done  over  calibrated  time  intervals*  This 
type  of  modulation  is  some  times  referred  to  as  "delta  modulation,"  because 
in  mathematics  the  increment  is  designated  by  the  Greek  A  ("delta")* 

The  principle  on  which  the  modulation  is  based  is  as  follows.  The 
voltage  of  the  primary  signal  is  compared  with  the  auxiliary  voltage  gen¬ 
erated  in  the  equipment  in  the  form  of  a  step  function  that  approximately 
reproduces  the-  signal  shape  (fig.  16.20).- 

The  length  and  height  of  the  step  are  constants.  The  comparison  is 
made  automatically  at  a  time  interval,  the  frequency  of  which  is  a  multiple 


HA-015- 68 


625 


of  the  clock  frequency.  If  the  signal  voltage  (curve  l)  exceeds  the  step 
level  at  the  time  the  step  is  completed,  that  is,  there  is  a  positive  in¬ 
crement,  the  auxiliary  voltage  win  increase  in  a  bound  to  another  step 
(curve  2).  Accompanying  the  positive  bound  of  auxiliary  voltage  is  the 
appearance  of  a  calibrated  pulse  positive  polarity  at  the  output  of  the  pulse 
modulator.  If,  on  the  other  hand,  when  the  Step  is  completed  the  signal 
voltage  is  lower  than  the  step  level,  that  is,  the  increment  is  negative, 
the  auxiliary  voltage  will  drop  one  step,  and  the  pulse  at  the  modulator 
output  will  have  a  negative  polarity  (fig.  16.20b) - 

Only  the  positive  pulses  will  be  transmitted  over  the  communication 
channel  (fig.  l6.20c) . 


Figure  16.20.  Signal  conversion  In  the  case  of  pulse- 
difference  modulation. 

a  -  signal  subject  to  transmission  (curve 
l)  and  auxiliary  voltage  (curve  2) ;  b  -  vol¬ 
tage  at  the  pulse  modulator  output;  c  -  com¬ 
munication  signal. 

Keying 

If  information  is  coded  in  binary  codes,  the  modulated  parameter  can 
only  take  two  different  values.  One  corresponds  to  the  transmission  of  0, 
the  other  to  the  transmission  of  1.  This  special  case  of  modulation  is 
Called  keying. 

Figure  16.21  shows  the  characteristics  of  the  various  types  of  keying. 

If  the  information  transfer  agent  is  direct  current,  the  signal  will 
have  the  shape  shown  in  Figure  16. 21a,  provided  the  keying  is  done  by  the 
magnitude  of  the  voltage,  and  will  have  the  shape  shown  in  Figure  16.21b 
if  the  keying  is  done  by  changing  the  direction  of  the  current. 

The  transmission  of  this  combination  when  alternating  current  is  used 
as  the  transfer  agent  is  brought  about  in  a  different  way,  and  depends  on 
the  type  of  keying: 
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in  the  case  of  amplitude-shift  keying,  by  the  tr an scission  of  the 
ci/ri er  frequency  for  if  1  is  being  transmitted,  and  by  the  absence  of 
the  carrier  frequency  if  0  is  being  transmitted  (fig.  16.21c); 

in  the  case  of  frequency-shift  keying,  by  the  transmission  of  the 
carrier  frequency,  f , ,  corresponding  to  ly  and  by  ^he  transmission  of  fre¬ 
quency  fot  corresponding  to  O  (fig.  l6.21d>,  with  the  result  that  here  the 
beginning  of  the  transmission  of,  an  element  in  the  coded  combination  dif¬ 
ferent  from  the  preceding  one  can  be  characterized  by  a  transition,  from 
frequency  fj  to  f^,  or  from  f^  to  fj» 

la  the  case  of  phase- shift  keying,  by  changing  the  phase  of  the 
carrier  with  each  -transition  from  state  1  to  state  0,  or  vice  versa  (fig. 
l6.21e)  • 


Figure  16.21.  Types  of  keying. 

a  -  amplitude- shift  keying  of  direct 
current  in  one  direction;  b  -  amplitude- 
shift  keying  of  direct  current  in  both 
directions;  c  -  amplitude- shift  keying  of 
alternating  current;  d  -  frequency- shift 
keying  of  alternating  current;  e  -  phase- 
shift  keying  of  alternating  current;  t  —  phase- 
difference  keying  of  a  alternating  current. 

The  last  of  the  foregoing  types  of  keying  listed  is  the  most  resistant 
to  noise. 


There  are  practical  difficulties  involved  in  the  realization  of  phase- 
shift  keying  because  when  there  is  a  change  in  the  phase  of  a  linear  signal 
by  more  than  90°  the  phase  of  the  incoming  pulses  will  change  l8o°  (negative 
work) • 
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This  drawback  can  be  eliminated  by  using  relative  phase-shift  keying 
(fig.  16.21  f  )  ,  in  which  the  phase  cf  the  carrier  changes  as  each  1  is 
transmitted,  rather  than  when  the  character  transmitted  changes. 

This  method  of  signal  formation  provides  -or  stable  operation  of  the 
receiver  when  there  are  phase  jumps  in  the  signal  on  the  channel. 

When  discrete  signals  are  transmitted  by  conventional  AM,  FM,  and  PM 
methods  the  reception  process  reduces  to  comparing  the  signal  parameters 
with  the  receiver  parameters.  In  the  case  of  AM,  for  example,  the  signal 
amplitude  in  compared  with  the  receiver  threshold;  in  the  case  of  FM  the 
signal  frequency  is  compared  with  the  center  frequency  of  the  detector;  and 
in  the  case  of  ?M  the  signal  phase  is  compared  with  the  local  oscillator  phase. 

Relative  phase-shift  keying  results  in  a  comparison  being  made  in  the 
receiver  between  two  adjacent  transral&sions,  and  not  in  a  determination 
being  made  as  to  the  absolute  value  of  each  transmission ,  so  in  this  type  of 
keying  there  Con  be  no  "reverse  operation”  (no  negative  work). 

Spectrum  Width  and  Telegraphy  Speed 

This  section  will  discuss  the  basic  relationships  existing  between 
signal  spectrum  width  and  telegraphy  speed  for  the  various  types  of  keying. 

The  Amplitude-shift  Keyed  Signal  Spectrum  Width 

When  transmission  is  by  direct  current  transmissions  over  wire  lines, 
and  the  transmission  of  the  third  harmonic,  inclusive,  is  taken  into  con¬ 
sideration 

AF  —  3F^  =  I.5B  ChertzJ,  116.36) 

where 

5^  is  the  fundamental  keying  frequency,  in  hertz; 

B  is  the  telegraphy  speed,  in  bauds. 

In  the  case  of  amplitude  -shift  keying  in  radio  communications 

=  33  Thertzl.  (16.37) 

The  greatest  signal  spectrum  width  corresponds  to  the  transmission  of 
a  series  of  alternating  transmissions  of  0  and  1  (fig.  l6_22) . 


Figure  16.22.  Periodic  pulse  train.- 
Vertical :  Hertz. 

The  signal  band  can  be  reduced  if  some  method  that  will  lessen  the  effect 
of  stretching  the  transmission  front  is  used.  This  includes  the  "contracted 
contact  method"  and  the  integral  reception  method. 
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The  first  of  these  envisages  strobing  the  center,  that  is,  the  least 
distorted*  section  .  f  the  transmission  and  deciding  on  which  character  in  the 
incoming  transmission  to  take  as  a  result  of  the  strobing. 

In  the  second  method  the  decision,  with  respect  to  the  character  is  made 
on  the  basis  of  the  results  obtained  from  integrating  the  transmission,  as 
a  whole* 

Quality  reception  can  be  had  for  a  signal  spectrum  width 


-  (1*1  to  1.2)  B  [hertz).  (16.33) 

In  single-sideband  systems  for  the  transmission  of  binary  signals,  the 
value  of  the  required  channel  band  when  one  sideband  is  completely  suppressed 
is 


^AM  asb  “  <0'5  TO  0 -6)  B  Ihert^«  (1609) 

The  frequency  modulated  signal  spectrum  width*  In  the  case  of  fre¬ 
quency-shift  keying  the  transmission  of  carriers  f^  and  fn*  correspond  to 

elements  1  and  0*  The  difference  £f  .  =  f  -  -  f ,  is  called  the  spacing, 

shift  2  1 

or  the  Shirt  in  frequencies,  and  the  magnitude  fj  =  ^shift^2  *■  f  o  -  t'^/2 
is  called  the  frequency  deviation.  The  ratio  of  the  deviation  to  the  fun¬ 
damental  keying  frequency  is  the  frequency-shift  keying  index,  w  f^/F^. 

The  FM  signal  spectrum  width,  with  the  transmission  of  the  third 
harmonic  taken  into  consideration  is 


AF^  =  2  Cfd  ♦  3^)  =  2fd  »  3B  =  Af^^  *  3B  (hertz}  Cl6.40) 

The  greater  the  frequency  deviation  the  easier  it  is  to  distinguish 
the  transmissions  from  each  other  upon  reception.  But  this  increases  the 
band  occupied  by  the  signal,  increasing  the  noise  level. 

It  is  recommended  that  the  deviation  be  selected  or.  the  basis  of 

f  >  F,  /2k  or  »_  >  l/2k, 

a  1  1 

where 

k  =  is  the  permissible  time  dominance,  that  is,  the  maximum 

ratio  of  length  of  the  distorted  section  of  the  transmission, 
to  the  entire  length  of  the  transmission,  *r^. 

is  selected  small  in  systems  for  transmitting  data  over  narrow 
band  channels  in  order  to  increase  the  traffic  handling  capacity,  and  the 
maximum  capacity*  in  the  case  of  narrow  band  FM  is  achieved  when 

=  “  Cl'1  to  lmZ)  B  Cbertz3-  <l6*4l) 

Consideration  must  be  given  to  the  fact  that  resistance  to  noise  will 
be  low,  however.  The  effective  band  In  the  case  of  narrow  band  FM  can  be 
found  through  the  formula 
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AP_.  -  2iP„„  -  (2.2  to  2.4)  B  [hertz).  (l6.42) 

I'M  AM 

FM  radio  lines  have  a  deviation  selected  several  times  greater  than  is 
the  case  for  narrow  band  FM,  and  the  frequency  band  can  be  found  through 
the  formula 

+  m-  [hertz).  Cl6.43) 

The  phase-shift  keyed  signal  spectrua  width.  Modern  data  transmission 
systems  using  the  phase-shift  keyed  method  limit  the  channel  pass  band  to* 
that  ensuring  transmission  of  the  first  harmonic  of  the  keying  frequency,  F^. 
Given  these  conditions,  tbe  band  covered  by  the  signal  is  equal  to 

AF  =  2F  -  B  [hertz)..  ( 16.44) 

rn  1 

An  even  greater  reduction  in  the  band  can  be  arrived  at  by  using 
single-sideband  transmission  of  phase-shift  keyed  signals. 

16.4.  The  Multichannel.  Communication  Principle 

Multichannel  communication  is  communication  between  several  pairs 
of  correspondents  (senders  and  receivers)  over  a  cocoon  line. 

Figure  16.23  shows,  in  general  fora,  &  block  schematic  of  multichannel 
communication.  Signals  from  all  n  channels  are  summed  and  transmitted  over 
the  communication  line.  The  receiving  end  most  have  a  device  for  separating 
the  signals  corresponding  to  the  different  channels. 


Figure  16-23.  Block  schematic  of  multichannel  communication. 

a  -  subscribers;  b  -  transmitters;  C  -  summer; 
d  -  receivers;  e  -  converter; 

Separation  of  the  signals  in  the  different  channels  must  clear  the 
signals  in  the  particular  channel  from  tbe  interference  created  by  the 
signals  in  the  other  channels,  in  so  far  as  this  is  possible,  bence  the 
shape  of  the  signal  used  for  multichannel  communication  is  selected  so  the 
interference  between  channels  will  be  minimal. 

Frequency  Separated  Channels 

The  essence  of  the  frequency  method  of  separating  channels  is  as  fol¬ 
lows.  Since  the ‘real  communication  signal  contains  the  overwhelming  portion 
of  its  power  within,  the  limits  of  the  width-limited  frequency  spectrum, 
the  organization  of  multichannel  communication  for  transmitting  signals 
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assigns  a  definite  section  of  the  common  band  of  frequencies  used  to  each 
channel  • 

Thus,  the  transmitter  for  each  sender  should  send  signals  over  the 
communication  line,  the  frequency  spectrum  of  which  will  fit  completely 
within  the  frequency  band  assigned  to  the  particular  channel. 

There  will  be  a  set  of  voltages,  or  currents,  at  the  receiving  end  of 
each  channel  on  all  frequencies  forming  the  linear  signal  of  multichannel 
communication.  The  receiver  contains  a  frequency  filter,  the  purpose  of 
which  is  to  separate  out  the  voltage  of  the  frequencies  that  reflect  the 
message  for  the  specific  sender,  and  to  suppress  the  voltage  of  the  other 
frequencies.  The  frequency  filter  in  each  channel  will  only  pass  the 
frequency  spectrum  for  its  channel,  and  win  not  pass  the  frequencies  on 
the  other  channels.  The  separation  of  signals  by  using  frequency  filters 
is  Called  frequency  separation. 

Figure  16.24  shows  the  spectra  of  signals  in.  a  two— channel  communica¬ 
tion  system  with  frequency  separation. 

The  first  channel  carries  the  frequency  band  from  fx  to  f'^,  and  the 
second  the  frequency  band  from  f„  to  f ■ that  is,  the  signals  in  the  first 
channel  have  spectrum  £F. ,  while  the  signals  in  the  second  channel  have 
spectrum  AF,,. 
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Figure  1 6.24.  Spectra  cf  signals  in  a  two-channel  communication 
system  with  freqinsncy  separation, 
a  -  first  channel  signal  frequency  spectrum; 
b  -  second  channel  signal  frequency  spectrum; 
c  -  linear  signal;  d—  filter  frequency  curves; 
a  -  signal  at  the  output  of  the  first  filter; 
f  -  signal  at  the  output  of  the  second  filter. 
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The  condition  of  separability  of  signals  in  this  case  reduces  to  pre¬ 
venting  the  frequencies  in  the  AF^  spectrum  from  entering  the  AFg,  sp^trum, 
and  vice  x'ersa.  In  other  words,  spectra  AF^  and  AFC  cannot  overlap. 

Transference  of  the  signal  upward  through  the  spectrum  during  trans¬ 
mission,  and  the  reverse  conversion  upon  reception,  is  carried  out  by  sub- 
carrier  frequency  oscillators  and  modulators.  Oscillator  frequency  drift 
should  not  exceed  ±2  hertz. 

The  attenuation  of  filters  in  the  pass  band  cannot  be  greater  than 
0.3  neper,  but  outside  the  pass  band  should  be  7*55  nepers. 

Time  Separated  Channels 

Based  on  V.  a.  Kotel  * nikov •  s  theorem,  any  continuous  function  with  a 
limited  spectrum  '-.an  be  represented  by  a  train  of  discrete  pulses.  Pulses 
received  at  the  point  of  reception  can  be  completely  restored  to  the  trans¬ 
mitted  function*  The  use  of  pulse  methods  for  purposes  of  transmission 
(fig.  16.23)  make  the  organization  of  multichannel  communication  with  time 
separated  channels  feasible. 


Figure  l6.25.  Block  schematic  of  multichannel  communication  with 
time  separated  channels. 

a  -  subscriber;  b  -  transmitter;  c  -  distributor; 
d  -  receiver. 

la  time  separated  channel  systems  the  communication  line  utilizes  a 
distributor,  to  permit  signals  from  different  senders  (subscribers) 
to  be  transmitted  in  turn.  Distributor  is  at  the  receiving  end,  and 
has  the  capacity  to  make  a  time  selection,  or,  in  other  words,  to  separate 
the-  signals  from  the  different  channels.  Each  channel  is  thus  assigned  a 
definite  section  of  the  total  time  the  line  is  in  use. 

Complete  separation  of  the  signals  requires  that  distributors  and 
rotate  at  identical  speeds  (in  synchronism).  Moreover,  the  distributors 
should  connect  to  the  line  either  the  first  pair  of  subscribers,  or  the 
second,  or,  in  other  words,  they  should  operate  in  phase. 

When  time  separation  is  used  the  signals  belonging  to  a  particular 
channel  are  transmitted  during  a  time  interval  that  is  free  of  signals  from 
other  channels*  The  condition  of  separability  of  signals  in  the  case  of 
tie.e  separation  reduces  to  preventing  signals  in  the  different  channels 
from  overlapping  in  time 

In  the  Case  of  tbe  transmission  of  a  telephone  signal,  the  spectrum 
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cf  which  ii  between  300  and  3^00  hertz,  the  frequency  at  "which  "the  cocuaunica- 
t  ion  channel  is  cut  in  should  equal  6-8  kHz,  based  on  Kotel 'nikov*  s  theorem. 
In  practice,  the  switching  frequency  is  taken  equal  to  8  kHz.  Electronic 
distributors  are  used  at  these  switching  frequencies. 

Time  separated  channels  are  widely  used  in  communication  and  remote 
control  systems.  The  communication  systems  with  time  separation  in  use  at 
the  present  time  do  not  have  more  than  24  channels.  This  limitation  is 
associated  with  the  need  to  use  extremely  short  pulses.  In  renote  control 
systems  the  number  of  channels  are  many  times  greater  because  the  signals 
can  be  limited  to  low  frequency  on  the  order  of  10  hertz. 

Combination  Separation 

Combination  separation  of  signals  is  based  on  the  difference  in  the 
combination  of  signals  on  the  different  channels.  Let  us  suppose  we  have  a 
two-channel  system  with  a  binary  code  with  elements  0  and  1  in  use  on  both 
channels.  It  will  then  be  possible  to  have  four  different  combinations  of 
signals  in  both  channel s: 


Communication. 

Channel 


&sss£l « : : : : 

c»um  of  s?  gnals 


Combination  o'f  Signals 


As  will  be  seen  from  the  table,  if  we  take  a  signal  equal  to  1  we  do 
not  know  the  channel  to  which  it  belongs,  but  by  referring  to  the  tables  we 
see  that  all  four  combinations  differ  from  each  other.  Therefore,  instead 
of  a  summed  signal  we  must  transmit  the  number  of  the  combination  because 
this  number  uniquely  determines  the  signal  in  each  channel.  Thus,  the  task 
reduces  to  one  of  transmitting  four  numbers,  and  they  can  be  transmitted  in 
a  variety  of  ways  (by  any  code  and  modulation).  This  type  of  transmission 
makes  the  linear  signal  a  reflection  of  a  fixed  combination  of  signals  for 
the  different  channels. 

Two-channel  frequency  telegraphy  is  a  known  example  of  combination 
separation.  Here  four  different  frequencies,  f ^ ,  f^7  and  f^  are  used 
for  the  transmission.  In  the  general  case  of  an  n -channel  system  with 
code  base  a,  it  will  be  required  that  a  linear  signal  consisting  of  N=ma 
different  combinations  be  transmitted.  Each  combination  will  correspond 
to  a  signal  for  a  predetermined  channel. 

Two -channel  frequency  telegraphy  increases  the  traffic  handling 
capacity  of  the  channel  by  a  factor  of  two  as  compared  with  single— channel 


SA-015-68 


633 


operation.  Hut  this  alsc  requires  an  expansion  in  th«  channel  pass  banc  by 
a  factor  of  approximately  two,  and  this  leads  to  some  reduction  in  the 
noise  resistance. 

16. 5-  transmission  of  Radar  Information  Over  Communicauion  Channels. 

Transmission  Peer  Broad  Band  Channels 
Radar  information  Can  be  transmitted  over  broad  band  communication 
channels  by  direct  translation,  or  by  television. 

In  the  case  of  direct  transmission  of  radar  signals  the  information  con¬ 
tained  in  each  individual  pulse  reflected  from  the  target  can  be  transmitted 
ever  the  communication  channel.  The  frequency  band  needed  for  the  undistorted 

transmission  of  a  pulse  of  lesght  T  can  be  found  through  the  relationship 

P 

A?„  <e  1/t  •  (16.45) 

c  p 

Transmission  of  pulses  with  length  =  2  to  0.2  microsecond  requires 
a  communication  channel  frequency  band  of  AF^  ■  0.5  to  5  KHz,  respectively. 

Since  other  signals  besides  target  pulses  should  he  transmitted  over  the 
communication  channel,  the  total  band  of  the  combination  signal  in  broad 
band  systems  using  direct  transmission  can  reach  10  MHz  and  higher. 

In  the  television  method  of  transmitting  a  radar  image  the  frequency 
spectrum  band  can  be  established  by  the  highest  transmitted  frequency,  and 
this  can  be  computed  through  the  formula 

f  „  =  1/2  nf,  (16.46) 

i»a*  z 

where 

n  is  the  total  number  of  television  image  resolution  elements; 
f t  is  tbe  frame  frequancy. 

The  cumber  of  television  resolution  elements  in  standards  accepted  for 
modern  television  definition  is  approximately  equal  to  n  s  (3  to  4)  x  10^, 
and  the  frame  frequency,  is  ff  =  =  4  to  6  MHz. 

The  use  of  broad  band  methods  of  transmitting  radar  information  re¬ 
quires  special,  broad  band  communication  channels. 

Transmission  Over  Narrow  Band  Channels 

When  a  narrow  band  communication  channel  is  used  to  transmit  radar  in¬ 
formation  there  are  various  methods  used  to  convert  this  information  into 
a  narrow  band  signal,  most  of  which  are  based  on  the  integration  of  the 
train  of  pulses  received  by  the  radar  receiver  during  the  time  the  targ<£  is 
illuminated.  This  train  of  pulses  lights  up  a  definite  section  of  the 
indicator  scope,  the  limits  of  which  are  fixed  by  the  radar’s  resolution  in 
range,  6R  and  azimuth  65.  Each  light. -struck!  section  of  the  scope  Cazi  be 
considered  to  be  an  image  element  subject  to  transmission  over  a  communica¬ 
tion  channel ,  one  per  radar  scan  period,  for  example. 
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IX  the  image  o£  an  entire  PPI  acope  must  be  transmitted,  the  number  of 
image  element*  can  be  computed  through  the  formula 

n  =  3to«A0_g?  -  (16.47) 

where 

R  ^  is  the  maxi ram  radar  detection  range; 

max 

Oq  **  the  vidth  of  the  pattern  in  tbe  horizontal  plane  at  half  power; 
t  is  the  pulse  length; 
c  is  the  speed  of  light. 

If  a  radar  is  considered  as  a  device  establishing  the  presence,  or 
absence,  of  a  target  in  each  element  of  the  image,  the  total  amount  of 
information,  equals  the  number  of  image  elements,  I  =  n,  and  the  required 
pass  hand  will  then  be  equal  to 

C  =  n/Ts  =  I/Ts,  <l6.43) 

where 

is  radar  scan  time,  that  is,  the  time  required  to  transmit  the  in¬ 
formation. 

Shannon's  formula  yields  the  pass  band 

C  =  AFclog2  (1  +  pc/pJ  -  (16.49) 

Equating  the  right  hand  sides  of  these  last  two  equations  to  each 
other,  we  can  find  the  required  frequency  band  for  the  coessunication  chan¬ 
nel  as 

AF,  -  l/Ts  log2  (l  +  P s/iO [hertz]  .  (16.50) 

Thus,  with  the  integration  of  the  train  of  pulses  reflected  from  the 
target  during  the  time  it  is  illuminated  taken  into  consideration,  the 
required  width  of  the  communication  channel  pass  band  can  he  reduced  to 
a  magnitude  not  exceeding  several  tens  of  kilohertz. 

Devices  that  narrow  the  frequency  band  make  it  possible  to  use  tele¬ 
phone  communication  channels  with  pass  bands  of  0.3  to  3*4  kHz  to  transmit 
information. 

Another  method  of  transmitting  radar  information  over  narrow  band 
communication  channels  is  one  based  on  the  transmission  of  target  coordinates 
in  the  form  of  coded  digital  values. 

Digital  systems,  or  discrete  systems,  for  transmitting  binary  information 
are  readily  mated  to  computers  that  establish  target  movement  parameters. 

The  communication  channel  in  digit*:  systems  in  only  loaded  when  there  are 
targets,  that  is,  it  will  not  transmit  excessive  information.  It  is  this 
latter  that  permits  the  designing  of  channels  for  transmitting  digital 
systems  at  slow  transmission  speeds,  and,  as  a  result,  with  a  narrow  pass 
hand. 


The  communication  channels  ir.  the  United  States  semiautomatic  antiair¬ 
craft  defense  systems  known  as  SAG£  are  an  example  of  the  use  of  digital 
methods  to  transmit  radar  information.  Figure  16-26  shows  the  intercon¬ 
nection  between  the  Individual  elements  of  the  guidance  center  of  this 
system.  The  number  of  communication  lines  for  one. guidance  center  is  on 
the  order  of  600.  Data  are  transmitted  at  a  rate  of  1300  to  1  GOO  bits  per 
second  over  telephone  channels  with  an  error  probability  of  10  ^ 
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Figure  16.26.  Simplified  schematic  diagram  of  the  interconnection 

between  the  individual  elements  in  a  guidance  center, 
a  -  information  source;  b  -  communication  channels; 
c  -  electronic  computer;  d  -  data  evaluation  and 
decision;  e  -  active  Aa  defense  equipment  and  other 
equipment  in  the  guidance  center. 

l6.6.  Immunity  of  Communications  to  Interference 

The  immunity  of  communications  to  interference  is  the  capacity  of  the 
communication  system  to  resist  the  distrubing  effect  of  interference.  In¬ 
terference  is  any  effect  on.  a  receiver  (other  than  the  effect  of  the  useful 
signal)  that  causes  the  output  device  to  function. 

The  quality  of  a  discrete  communication  channel  is  characterized  by 
the  authenticity  factor,  expressed  in  terms  of  the  ratio  of  the  number  of 
correctly  received  characters,  A,  to  tho  total  number  of  characters  trans¬ 


mitted,  X: 


K  -  A/X- 
a 


(16.51) 


Immunity  to  interference  depends  on  the  type  of  modulation  used,  the 
coding  method,  the  receiver  circuitry,  and  many  other  factors. 

Interference  with  radio  reception  takes  many  forms-  It  can  take  the 


form  of  stray  electromagnetic  fields  acting  on  the  antenna  at  the  reception 
site,  distortion  in  transmission  caused  by  unstable  conditions  in  the  prop¬ 
agation  of  radio  waves,  thermal  noises  in  the  receiver,  and  other  causes. 

So-called  fluctuating  interference  of  the  "white  noise"  type,  con- 

— 1  2 

si  sting  of  individual,  very  short  pulses  (lengths  on  the  order  of  10 
second)  with  amplitudes  that  changes  at  random'  with  tine,  has  a  very  special 
place  among  all  of  the  possible  types  of  interference.  An  oscillogram  of 
white  noise  is  shown  as  Figure  16.27. 
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Figure  16-27-  C*sc  ill  c  gram  of  interference  of  the  "white 
noise*'  type. 

White  noise  has  a  uniform  power  spectrum  over  a  very  broad  (practically 
infinite)  frequency  band. 

White  noise  results  from  the  thermal  movement  of  elementary  particles 
of  matter.  Since  this  movement  is  always  in  evidence ,  practically  speaking, 
white  noise  is,  in  principle,  a  source  of  interference  that  is  impossible 
to  eliminate.  The  special  part  plnyed  by  white  noise  can  be  expalined  too 
by  the  fact  that  it  is  the  principal  source  of  interference  that  bears  on 
receiver  sensitivity.  It  is  for  this  reason  that  in'  general  information 
theory  the  effect  on  the  transmission  of' messages  is  considered  to  be  due 
primarily  to  fluctuating  interference  of  the  White  noise  type. 

At  the  basis  of  all  methods  used  to  imporve  immunity  to  interference  is 
the  principle  of  increasing  the  excessiveness  in  the  message  transmitted, 
or,  and  this  is  the  same  thing,  the  principle  of  increasing  the  signal 
vol ume 

Vs  =  TsAFs  lofl2  VPn- 

As  vill  he  seen  from  this  formula,  it  is  possible  to  increase  signal 
volume  by  increasing  the  length  of  the  signal  (the  time  of  transmission) , 
the  signal  frequency  band,  and  the  ratio  of  the  average  signal  to  noise 
powers. 

The  improvement  in  irraunity  to  interference  through  the  frequency  band 
can  be-  achieved  by  using  broad  band  types  Of  modulation  (frequency,  and  all 
types  of  pulse),  and  by  increasing  the  signal/noise  ratio  by  reducing  the 
level  of  noise  and  increasing  transmitter  power* 

Moreover,  an  improvement  in  immunity  to  noise  can  be  arrived  at  by 
using  noise  immune  codes  and  special  methods  of  receiving  weak  signals,  such 
os  tne  filtration  of  periodic  signals,  accumulators,  narrow  band  reception, 
brood  bond  -  clipper  -  narrow  band  system,  and  others. 

The  method  that  uses  the  filtration  of  a  period  signal  is  based  oo  tba 
difference  in  the  power  density  spectra  (fig.  16.28)  of  the  useful  periodic 
signal  and  the  white  noise  type  of  interference. 

As  will  be  seen  from  the  figure,  signal  separatioo  requires  that  the 
mxxed  signal  and  noise  be  fed  into  a  narrow  band  filter  with  a  frequency- 
curve  (fig.  16.23  d).  The  narrower  the  filter  pass  band,  the  more  effective 
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will  be  the  sep;iration  of  the  signal  f-om  the  noise. 

If  the  filter  pass  band  is  AFj.,  and  the  noise  power  in  the  unit  clement 

of  the  band  is  G  ,  the  power  of  the  noise  at  the  filter  output  wiil  equal 
P 

P  «6Af„.  (16.52) 

n  p  i 

The  signal  /no  is*  ratio  at  tile  filter  output  will  equal 


(P  /P  )  =  P  /G  AF  <16.53) 

ar  •.  out  s  p  f 

The  filter  pass  band,  AFf  is  selected  in  practice  on  the  basis  of 

*  1,  where  *r  is  signal  length. 

Then 

(P  /P  )  ^  *  P  JG  T. 

s  n  out  s'  p 

This  expression  indicates  that  the  ratio  of  the  average  signal  pover 
to  the  average  noise  power  at  the  filter  output  increases  in  proportion  to 
signal  length-  Consequently,  immunity  to  noise  increases  with  increase  in 
signal  transmission  time. 


jC„M 

a 

b 


c 

d 

Figure  16.28.  Power  spectra 

<a  -  noise;  b  -  signal;  c  -  sum  of 
sicial  and.  noise)  and  the  filter 
frequency-  curve  (d). 

1 6-7 -  Error  Correct i/i^  Codes 

Error  correcting  codes  are  codes  used  to  detect  and  correct  errors  in 
incoming  code  combinations. 

Error  correcting  (anti- interference)  codes  improve  the  authenticity  o t 

information  reception  because  of  the  use  of  excessiveness. 

The  essence  of  error  correcting  codes  is  contained  in  the  fact  that  of 

the  total  number  of  code  combination  that  can  be  made  up  from  an  n-element 

code,  X  =  2°,  for  the  transmission  of  information,  there  are  only  those  K 

P 
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combinations  in  which  one  combination  would  not  exceed  the  other,  given  dis¬ 
tortion  of  k  elements. 

The  efficiency  and  effectiveness  of  codes  with  error  detection  cun  be 

assessed  by  the  excessiveness  factor  (K  )  and  the  error  detection  factor 

ex 

lKed5' 

The  excessiveness  factor  is 

-  1  -  l°g2Np/lo0;.N..  (16.&) 

where 

N  *  2r‘  is  the  total  number  of  combinations  that  can  be  made  Up  Of  an 
n-element  code; 

X  is  the  number  of  combinations  used, 

P 

The  error  detection  factor  is 

Ke<J  =  L/L  *  M,  (16-55) 

where 

L  is  the  total  number  of  distorted  combinations,  errors  in  which  can 
be  detected; 

M  is  the  total  number  of  distorted  combinations,  errors  in  which  can¬ 
not  be  detected. 

Error  detecting  codes.  In  constructing  a  single-error  detecting  code 
it  is  necessary  to  use  only  those  combinations  for  which  the  minimum  number 
of  elements,  d,  by  which  one  coded  combination  differs  from  another  equals 
two  (d  **  2). 

If  the  total  number  of  possible  code  combinations  is  N  a  2n,  the  number 
of  combinations  that  will  differ  from  each  other  by  two  positions  will 
equal  X  *  2n 

P  3 

Let  there  be  a  three-element  code,  N  *  2  =8.  Let  us  select  of  these 

eight  possible  combinations 

000,  001, 0:0,  100,  Oil,  101,  110,  111 

those  differing  from  each  other  by  at  least  two  elements 

000,  Oil,  201,  110. 

Now,  if  it  is  stipulated  that  the  four  combinations  selected  are  per¬ 
mitted,  but  the  others 

001,  010,  100,  111 

arc  forbidden,  any  single  error  in  the  permitted  combinations  win  convert 
them  inco  forbidden  combinations.  Incorrect  recording  of  a  character  will 
not  occur. 

As  we  see,  this  code  is  a  code  with  an  even  number  of  ones.  Note  that 
it  can,  however,  be  formed  by  adding  one  element  Cl  or  O '  Ic  the  combina¬ 
tions  of  an  n-element  code  such  that  the  number  of  all  the  ones  in  the  new 


RA-015-68 


639 


code  C (n  +  l)-digit  number]  will  be  even. 

For  example,  vre  have  tbe  code  combinations  of  a  uniform  rive-element 

code  iCOOO,  00110,  01101,  01010. 

If  one  more  character  Cl  or  O)  is  added  to  each  combination  so  that  the 
number,  of  ones  in  the  code  combination  formed  is  even,  we  obtain  new  six- 
element  cede  combinations 

100001,  001 100,  011011,  010100. 

A  code  such  as  this  permits  the  detection  of  an  odd  number  of  errors  in 
incoming  elements,  that  is, tbe  appearance,  or  the  disappearance,  of  an  odd 
number  of  ones. 

Codes  with  a  constant  number  of  ones  in  the  combinations  are  used  to 
detect  single,  double,  triple,  etc.,  errors.  A  typical  example  is  the 
seven-element  code  with  a  ratio  of  ones  and  zeros  equal  to  3:4  (each  code 
combination  contains  throe  ones  and.  four  zeros). 

The  immunity  to  interference  of  codes  with  a  constant  number  of  ones 
and  zeros  is  much  higher  than  is  that  of  codes  with  one  element  added* 

’The  repeating  code  has  the  highest  immunity  to  interference.  The  basis 
of  the  construction  of  this  code  is  the  use  of  methods  for  repeating  the 
original  combination  in  a  direct,  or  in  an  inverted  form,  depending  on 
whether  tbe  number  of  ones  is  even,  or  odd. 

Error  detecting  and  correcting  codes.  What  follows  from  coding  theory 
is  that  use  of  combinations  in  which  d  -  3  will  result  in  the  construction 
of  a  single-error  correcting  code,  or  a  double-erro'  detecting  code. 

If  tbe  total  number  of  code  combinations  is  N  =  2n,  tbe  number  of 
combinations,  N  ,  differing  from  each  other  by  three  positions  (d  =  3) , 

tl— 2 

will  equal  =  2  .  Suppose  we  have  a  three-element  code.  Cf  the  eight 

combinations  in  tbe  three-element  code,  only  two  (N  =  2)  for  which  d  =  3 

P 

can  be  selected.  Let  these  combinations  be  010  and  101. 

Now  let  us  suppose  that  during  tbe  transmission  over  the  channel  tbe 
first  element  in  the  010  combination  has  been  distorted  and  is  received  as 
110.  Comparing  the  combination  received  element  by  element  with  each  of 
those  use,  we  find  that  it  differs  by  but  one  element  from  the  first  com¬ 
bination,  and  by  two  from  the  second.  This  will  tnen  lead  to  the  con¬ 
clusion  that  010  was  the  combination  transmitted  and  that  the  first  element 
was  the  one  distorted,  and  so  must  be  changed  to  the  reverse  element. 

The  detection  and  correction  method  considered  is  readily  realised 
when  N  5  4. 

P 

Other  methods  of  constructing  error  detecting  and  correcting  codes  are 
used  in  the  case  of  largfa  CN^  =  32,  =  64,  etc.).  One  example  is  the 
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chain  code  which  corrects  statistically  independent  as  well  as  group  errors. 

The  principle  behind  the  construction  of  the  chain  code  is  that  there 
is  a  check,  symbol  between  each  two  informational  symbols  with  the  check 
symbol  formed  by  checking  the  evenness  of  the  two  information  transmissions. 

The  information  symbols  are  separated  from  the  check  symbols  at  the  re¬ 
ceiving  end.  The  control  symbols  are  formed  from  the  information  symbols 
received  using  the  same  rule  as  that  applied  at  the  transmitting  end,  and 
these  control  symbols  are  then  compared  with  the  check  symbols  received. 

If  the  control  symbol  does  not  match  its  corresponding  check  symbol,  an 
error  is  indicated  and  is  corrected. 

Special  systems  can  also  be  used  to  improve  the  immunity  of  communica¬ 
tions  to  interference.  These  include  systems  with  automatic  interrogation 
and  repetition  of  a  signal  in  distorted  code  combinations,  systems  for 
transmission  with  information  feedback,  and  others. 

Two  communication  channels  are  needed  for  the  operation  of  the  systems 
names. v  Information  is  transmitted  over  one  of  them,  while  either  an  interroga¬ 
tion  signal  (in  the  first  system)  or  a  feedback  signal  (in  the  second  system) 
is  transmitted  over  the  other.  The  decision  as  to  the  correctness  of  re¬ 
ception  is  made  at  the  receiver  in  the  first  ease,  and  at  the  transmitter  in 
the  second. 

Thus,  depending  on  the  method  used  for  the  noise  immune  code,  all 
systems  transmitting  binary  information  can  be  divided,  up  into  two  groups'; 
systems  without  feedback,  in  -which  an  improvement  in  the  authenticity  of 
the  transmission  is  achieved  by  using  an  error-correcting  code,  and  feed¬ 
back  systems,  the  authenticity  of  transmission  in  which,  can  be  improved  by 
repeating  the  signal  in  case  a  distorted  combination  15  detected. 

16.8.  Thf*  Future  of  Information  Transmission  Systems 

The  foreign  press  has  described  the  fundamental  principles  of  two 
future  information  transmission  systems;  broad  band  radio  communications, 
and  synthetic  telephony.  The  former  has  better  secrecy  and  interference 
immunity.  It  provides  authentic  reception  of  signals,  the  level  of  which 
is  considerably  below  the  noise  level.  The  latter  provides  for  a  sig¬ 
nificant  reduction  in  excessivene3s  when  transmitting  speech  signals. 

The  Broad  Band  Radio  Communication  Principle 

The  principle  of  assigning  individual  correspondents  to  predetermined 
narrow  sections  of  the  frequency  band  is  the  basis  for  present  day  radio 
communications.  Improvement  in  immunity  to  interference  is  arrived  at  by 
transmitting  narrow-  band  signals  covering  a  minimum  band  in  the  frequency 
spectrum 'for  the  specified  transmission  speed. 
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There  have  been  recent  reports  that  a  significant  improvement  in  ir=uiiity 
to  interference  and  in  secrecy  can,  be  obtained  by  the  use  of  broad  band  sig¬ 
nals*  In  these  broad  band  coamunication  systems  each  transmission  (1  or  0) 
corresponds  to  the  simultaneous  radiation  of  a  whole  series  of  components, 
located  in  a  predetermined  manner  along  the  frequency  aiis,  the  energies 
of  which  are  summed  coherently  upon  reception-  At  the  same  time,  broad 
band  signals  from  several  stations  that  overlap  each  other  can  be  trans¬ 
mitted  simulttneously  within  the  limits  of  the  band,  IF,  used. 

Figure  16.29  is  the  block  schematic  of  one  channel  of  a  very  single 
broad  band  system  for  transmitting  binary  signals.  The  operating  principle 

reduces  to  the  following*  Broad  band  signals  f  (t)  and  f,  (t)  are  formed 

o  i 

on  the  transmitting  sides  of  generators  1  and  2.  These  signals  can  be  two 
different  realisations  Of  fluctuating  noise,  limited  by  the  channel  band 
AF. 


|y«j 


Figure  16.29.  Block  schematic  of  a  broad  band  system  for 
transmitting  binary  signals 

Transmissions  f  Ct)  and  f,  (t)  of  length  t  each  are  put  on  the  radio 
o  1  s  • 

link  in  accordance  with  the  message  transmitted. 

The  incoming  transmissions  are  fed  into  the  inputs  of  two  correlators 
(3  and  4),  each  of  which  consists  of  a  multiplexer  and  a  integrator.  A 
local  reference  signal,  which  is  a  copy  of  f^Ct),  acts  at  one  of  the  cor¬ 
relators  in  synchronism  with  the  incoming  signal ,  and  a  reference  signal 
which  is  a  copy  of  f^Ct)  acts  at  the  other. 

The  output  voltages  from  both  correlators,  which  are  in  proportion  to 
the  degree  of  correlation  between  the  incoming  signals  and  the  reference 
voltages,  are  fed  into  the  comparison  stage,  5«  The  polarity  of  the  out¬ 
put  voltage  from  this  stage  6,  depends  on  which  of  the  correlators  yielded 
the  greater  degree  of  correlation.  This  latter  is  determined  by  the  type 
of  incoming  transmission  (1  or  0). 

.  Multichannel  communications  can  be  provided  by  one  link  by  using  the 
same  band.  Signal  separation  can  be  provided  by  the  selection  of  the  dif¬ 
ferent  realizations  of  broad  band  signals,  designated  as  1  or  0  in  each 


channel 
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The  Synthetic  Telephony  Principle 

Human  speech  is  made  up  of  sonorous  sounds  formed  by  the  vocal  chords, 
and  noise  sounds  formed  by  the  passage  of  air  in  the  gaps  between  the  teeth, 
the  tongue,  and  the  palate.  Sonouous  sounds  (all  the  vowels  and  the  vocal 
consenants  L,  M,  N)  have  a  discrete  spectrum  and  contain  a  fundamental  tone 
(individual  for  every  person)  and  a  great  many  harmonics,  or  overtones. 

Maxi’s  fundamental  voice  tone  ranges  from  10O  to  2 50  hertz,  woman’s  from  200 
to  450  hertz.  Noise  sounds  have  a  continuous  spectrum.  Noise  sounds  in¬ 
clude  Sh,  S,  P,  Shch,  and  there  are  different  combination  sounds  (R,  Kh,  2). 

The  significant  information  contained  in  speech  can  be  transmitted  by 
changing  the  spectrum  envelope.  The  frequency  of  the  fundamental  tone  and 
its  change  with  time  contains  the  information  on  the  individual  character¬ 
istics  of  the  speaker's  voice.  Thus,  rather  than  sending  a  speech  signal 
reflecting  information  concerning  the  spectrum  envelope,  the  frequency  of 
the  fundamental  tone,  and  the  nature  of  the  sounds  (noise  or  tonal).  Speech 
can  be  synthesized  at  the  receiver  end  by  correcting  the  oscillations  from 
the  local  generators  of  audio  frequencies  with  these  signals.  Since  the 
change  in  the  spectrum  envelope  and  in  the  fundamental  tone  takes  place 
very  slowly  during  the  conversational  process  (at  a  frequency  not  in  excess 
of  20  hertz) ,  transmission  of  synthesized  speech  can  be  accomplished  in  a 
very  narrow  frequency  band. 

Devices  that  make  reality  of  the  synthetic  telephone  principle  (fig. 
16.30)  are  called  vocoders  ("voice  coders"). 

Band  pass  seai-vocod  era,  in  which  the  frequency  of  the  fundamental 
tone  transmits  the  frequency  band  of  unconverted  spee^n,  have  received  the 
broadest  practical  application- 


Figure  16.20.  Block  schematic  of  synthetic  telephony. 

a  -  band  pass  filters;  b  -  fundamental  tone; 
c  -  hertz;  d  -  frequency  meter;  e  -  low-pass 
filters;  f  -  multiplexer;  g  -  separator;  h  -  delay 
line;  i  -  modulator;  J  -  speech  signal  source; 
k  -  discrete  signal  generator;  1  -  noise  signal 
generator 
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A  bandpass  filter  at  the  transmitting  end  separates  and  transmits  the 
components  of  the  low-frequency  portion  of  tbe  spectrum  containing  tbe  fun¬ 
damental  tones,  or  their  second  harmonics  (the  fundamental  band)  through  the 
multiplexer  to  the  communication  channel.  The  rest  of  the  speech  signal  is 
divided  up  into  a  series  cl  frequency  bancs  by  the  band  pass  filters  (vocoder 
channels).  The  out out  signals  from  the  filter  are  detected,  smoothed  by  the 
low-pass  filters,  whxca  have  a  band  pass  of  approximately  23  hertz,  and  fed 
into  the  communication  channel  through  the  multiplexer.  The  voltages 
across  the  low-pass  filter  outputs  are  proportional  to  the  averaged  smoothed 
levels  of  tbe  speech  signals  in  the  corresponding  frequency  bands. 

At  the  receiving  end  the* separator  separates  the  unconverted  speech 
signals  from  the  vocoder  channel  signals,  '.he  former  are  fed  into  the 
speech  signal  source,  which  consists  of  a  dr.screte  signal  generator  and  a 
noise  signal  generator.  Broad  band  tonal  signals,  containing  the  many 
harmonics  of  the  fundamental  tone,  axe  formed  as  a  result  of  the  nonlinear 
conversion  of  the  fundamental  band  signals  in  the  discrete  signal  generator. 

The  unconverted  speech  signals  fulfill  the  role  of  the  tone/noisc 
signal.  Vhen  there  is  a  sharp  reduction  in  their  level  the  noise  generator 
is  automatically  cut  in.  The  broad  band  sigial  is  fed  from  the  output  of 
the  speech  signal  source  through  tbe  band  pass  filters  to  the  modulators 
which  are  controlled  by  the  signals  from  the  corresponding  vocoder  channels 
and  reflect  tbe  cahnge  in  intensity  of  tbe  speech  signal  in  the  particular 
voice.  The  signals  obtained  as  a  result  of  *:he  modulation  are  similar  to 
the  signals  at  the  outputs  of  the  band  pass  filters  of  the  corresponding 
vocoder  channels  on  tbe  transmitter  side.  Hey  are  fed  through  the  band  pass 
filters  to  the  output  where  they  are  summed  with  the  unconverted  speech 
signals. 

A  delay  line  is  inserted  to  provide  synchronism  between  the  summed 
signals  in  the  circuit  carrying  the  unconverted  speech  signals. 
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Chapter  XVII 

Radar  Systems  and  Antimissile  Defense  Facilities 

17. Special  Features  of  Ballistic  Missiles  and  Their  Principal  Characteristics 
Missiles  today  are  the  main  weapon  used  by  modern  armed  forces*  The 
battle  properties  of  missiles  are  sharply  different  from  all  the  other  types 
of  weapons  that  have  ever  existed,  and  this  has  considerably  increased  the 
degree  of  surprise  of  an  attack  and  has  created  great  difficulty  in  organiz¬ 
ing  the  fight  against  missiles. 

Ve  will  consider,  in  brief,  the  principal  weapon  in  the  huge  arsenal  of 
missiles  that  will  be  used  in  an  air-space  attack,  -the  ballistic  missile* 

Missiles  whose  trajectories  (other  than  the  active  section)  are  those 
of  a  freely  tossed  body,  are  known  as  ballistic  missiles.  Qa  the  basis  of 
this  definition  all  unguided  and  guided  missiles  for  a  wide  range  of  missions 
and  with  various  ranges  can  be  included  among  the  ballistic  missiles*  This 
would  be  inaccurate,  however,  because  the  term  "ballistic  missile"  has  been 
accepted  as  applying  only  to  guided  missiles  with  a  separate  head  and  a 
range  on  the  order  of  hundreds  and  thousands  of  kilometers* 

There  are  in  existence  today  ballistic  missiles  with  a  range  of  from 
160  km  to  16,000  km  and  more.  The  principal  tactical  and  technical  data  on 
optimal  trajectories  of  some  foreign  missiles  are  listed  in  Table  17-1* 

The  optimal  trajectory  of  a  ballistic  missile  is  the  elliptical  tra¬ 
jectory  for  movement  along  which  the  missile  requires  a  minimum  expenditure 
of  energy. 

The  ballistic  missile,  as  a  means  of  making  an  air-space  attack;  has 
many  basic  differences  from  modern  aircraft,  not  only  with  respect  to  the 
nature  of  the  flight  itself,  but  with  respect  to  design  formulations*  Mis¬ 
sile  flight  takes  place  for  the  most  part  (with  the  exception  of  the  initial 
active  section)  along  the  elliptical  ballistic  trajectory.  The  curvature 
of  the  ellipse,  and  the  position  of  its  plane  in  space,  are  fixed  by  the 
magnitude  and  direction  of  the  missile's  speed  vector  at  the  end  of  the 
active  section  of  the  trajectory.  The  predominant  pa rt  of  the  trajectory 
of  the  ballistic  missile  occurs  at  tremendous  altitudes,  in  the  discharged 
atmosphere,  where  the  missile  head  has  very  high  speed,  so  the  ballistic 
missile  is  less  vulnerable  than  any  modern  aircraft. 

The  heads  of  ballistic  missiles  have  comparatively  small  geometric 
dimensions  and,  as  a  result,  small  reflecting  surfaces*  This  makes  it  very 
difficult  to  detect  them  with  radar,  or  by  any  other  system.  At  the  same 
time  the  strength  of  the  heads  is  such  that  it  is  also  difficult  to  neutralize 
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them,  or  to  destroy  them  in  flight. 

Ballistic  missiles  can  be  used  at  ant  time  of  the  year.,  at  any  time  of 
the  day,  in  any  weather,  and  ecu  be  launched  from  the  ground,  from  under¬ 
ground,  from  submarines,  for  surface  launchers,  and  from  aircraft.  Missile 
Strikes  can  be  expected  from  practically  and  direction.  This  makes  the  fight 
against  them  much  more ■  <3 iff icult  and  complicated. 

The  use  of  tremendously  powerful  atomic  and  thermonouclear  charges  on 
ballistic  missiles  requires  that  the  defending  side  dfestroy  all  attacking 
missiles,  and  not  just  some  of  them.  At  the  same  time  destruction  should 
take  place  as  far  away  from  the  targest  being  defended  as  possible. 


Figure  17.1*  Principal  types  of  radar  jamming  for  antimissile  defense. 

a  -  electronic  jamming;  b  -  active;  c  -  passive; 
d  -  narrow  band;  e  -  broad  band;  f  -  small  false  targets; 
g  -  large  false  targets ■,  h  -  pulse;  i  -  continuous; 
j  -  noise;  k  -  switching;  1  -  pulse;  m  -  noise; 
n  -  dipole  reflectors;  o  -  fragments  from  the  exploded 
casings  of  ballistic  missiles;  p  -  inflated  conical 
balloons;  q  -  missile  traps;  r  -  false  head  sections; 
s  -  antiradar  missiles - 

The  probability  of  ballistic  missiles  getting  through  to  targets  defended 
by  air  and'  antimissile  defenses  is  greater  than  that  attributable  to  military 
aircraft,  the  more  so  because  missile  trajectories  can  differ  greatly  once 
they  enter  the  dense  layers  of  the  atmosphere,  where  such  trajectories  can 
be  disturbed,  or  smooth.  The  heads  of  ballistic  missiles  can  change  direc¬ 
tion  radically  in  flight  by  using,  a  small  on-board  motor,  or  they  can  man¬ 
euver  in  the  dense  layers  of  the  atmosphere  by  using  aerodynamic  forces.  In 
this  way  the  heads  of  ballistic  missiles  can  be  aimed  at  a  new  target  to 
destroy  and  negate  any  results  that  may  have  been  obtained  from  tracking  the 
head  and  aay  calculations,  already  made  in  an  effort  to  fix  the  anticipated 
point  at  which  the  warheads  of  attacking  missiles  should  be  intercepted. 
American  specialists  are  presently  intensifying  their  efforts  to  build  man¬ 
euvering  head  sections  for  their  ballistic  missiles  'Hinuteman^"  and  for 
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the  ballistic  missile  ”Poseidon”  they  have  developed* 

The  heads  of*  ballistic  missiles  can  be  fitted  with  special  screens  for 
protection  against  radiation ,  and  their  reflecting  surface  can  be  ortifically 
reduced  by  ablation  coatings,  thus  greatly  reducing  their  vulnerability  and 
the  range  at  which  they  can  be  detected  in  particular.  .Nor  can  the  fact  that 
the  heads  of  ballistic  missiles  can  be  fitted  with  gear  to  create  a  variety 
of  types  interference  (fig.  17-l),  passive  and  active,  be  ignored.  False 
targets,  or  special  missiles  designed  to  destroy  antiaircraft  and  antimis¬ 
sile  defense  radar  systems,  can  be  present  in  the  ballistic  missile  flight 
area.  >Hssiles  such  as  these,  or  the  false  targets,  can  be  launched  before¬ 
hand,  or  can  separate  from  the  head  of  the  ballistic  missile  prior  to  the 
entry  into  the  dense  layers  of  the  atmosphere. 

The  far  from  complete  technical  information  thus  far  cited  for  the 
ballistic  missile  leads  to  the  conclusion  that  ballistic  missile  detection 
along  the  trajectory,  recognition  of  the  true  target, and  finally,  destruc¬ 
tion  or  neutralisation  of  the  war  head  is  an  extremely  complex  mission,  one 
requiring  the  use  of  tremendous  numbers  of  men  and  equipment  to  carry  out* 

17.2.  Antimissile  Defense  and  its  Mission 

In  accordance  with  the  class  if  ication  adopted  abroad,  the  air  space 
can  be  broken  down  into  regions  by  altitude,  as  shown  in  Figure  17*2,  and 
All  attack  weapons  can  be  broken  down  into  aerodynamic,  ballistic,  and  space. 

Or*  this  basis  then,  the  defense  against  the  attack  weapons  can  be  called 
antiaircraft  defense,  antimissile  defense,  and  antispace  defense. 

Antimissile  and  antispace  defenses,  as  they  are  understood  today,  are 
complicated  combat  operation  installations  designed  to  provide  timely  warn¬ 
ing  to  the  military  command  of  the  initiation  of  an  enemy  nuclear  missile 
strike  and  to  break  up  nuclear  strikes  against  important  targets.  The  anti¬ 
missile  defense  and  antispace  defense  systems  must  have  detection  equipment 
capable  of  detecting  ballistic  missiles,  end  of  tracking  them  over  the  entire 
trajectory,  if  this  mission  is  to  be  carried  out. 

The  process  involved  in  coping  with  tbe  ballistic  missile  in  flight, 
despite  all  of  its  extreme  complexity,  reduces  to  solving  the  following 
basic  problems,  if  one  were  to  formulate  them  in  briefs  reliable  detection 
of  tbe  ballistic  missile;  accurate  determination  of  the  trajectory;  recogni¬ 
tion  of  the  target;  interception  and  neutralization  or  destruction  at  ac¬ 
ceptable  distances  from  the  targets  being  defended.  All  these  problems  can 
be  resolved,  but  only  if  -the  antimissile  defense  sys tan  is  in  constant 
combat  readiness,  is  equipped  with  reliable  equipment  for  early  detection, 
target  recognition,  and  high-speed  electronic  computers  for  different  purposes, 
so  that  the  entire  defense  system  con  be  fully  automated. 
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Figure  17 .2.  Schematic  diagram  or  the  classification  of  the  air 
space  by  altitude. 

a  —  region  of  flights  of  aerodynamic  vehicles; 
b  -  near- ground  space;  c  -  near  space;  d  -  far 
space;  e  -  interplanetary,  or  outer  space. 

17-3-  Types  of  Antimissile  Defense 

The  present  opinion  of  foreign  military  specialists  is  that  it  is 
possible  to  build  two  types  of  antimissile  defenses,  known  as  the  duel 
system,  and  the  screening  system,  with  the  duel  type  system  further  broken 
down  on  the  principle  of  survivability  of  the  targets  being  defended  into 
an  antimissile  defense  system  for  sheltered  positions,  and  an  antimissile 
defense  system  for  large  populated  areas. 

The  Duel  Type  Antimissile  Defense 

The  conventional  duel  type  antimissile  defense  system  envisages  the 
use  of  interceptor  missiles  C antimissiles) launched  from  ground,  or  under¬ 
ground  launchers  to  meet  the  target  in  accordance  with  a  previously  computed 
guidance  program.  The  antimissile  defense  system  is  located  around  the 
targets  being  defended  and  is  designed  to  destroy  the  heads  of  ballistic 
missiles  on  the  final  leg  of  their  trajectories  at  a  distance  such  that 
there  will  be  no  danger  to  the  targets,  or  to  the  system  itself,  as  a  result 
of  the  thermonuclear  explosions  of  the  warheads  carried  by  the  ballistic 
missiles,  and  by  the  antimissiles. 

The  country’s  missile  defense,  in  the  case  of  use  of  the  duel  system, 
obviously  will  be  the  totality  of  the  aggregate  of  defense  complexes  pro¬ 
tecting  all  the  most  important  administrative  and  political,  industrial, 
and  military  targets. 

The  antimissile  defense  system  should  be  able  to  perform  the  following 
basic  missions:  timely  detection  of  attacking  ballistic  missiles  such  that 
there  is  enough  time  to  prepare  the  active  protection  facilities;  reliable 
recognition  of  the  real  targets  and  highly  accurate  determination  of  their 
trajectories  so  the  guidance  for,  and  the  moment  to  launch,  the  antimissile 
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can  toe  programmed.  These  missions  are  the  passive  pair  or  the  antimissile 
defense.  The  active  part  of  antimissile  defense  involves  solutions  to  the 
following  problems:  interception  by  the  antimissile  of  recognized  targets, 
and  their  destruction v  or  neutralization.  Time,  speed,  and  target  maneuver¬ 
ability  on  the  final  leg  of  the  trajectory  are  all  factors  of  great  importance 
in  arriving  at  a  positive  solution  to  all  the  missions  assigned  the  duel  type 
antimissile  defense  system. 

The  Screening  System  for-  Antimissile  Defense 

The  screening  system  for  antimissile  defense  can  be  a  wide  barrier,  or 
screen,  in  the  discharged  layers  of  the  atmosphere,  capable  of  destroying 
all  missiles  flying  through  it.  This  screen  should  be  set  up  beforehand 
and  maintained  for  extended  periods  of  time.  This  antimissile  defense 
system  has  many  advantages. 

Whereas  it  is  desirable  to  orient  the  duel  type  system  in  the  direction 
from  which  the  attack  can  be  expected  beforehand,  knowledge  of  the  attack, 
and  the  nature  of  the  movement  of  each  of  the  enemy  missiles,  are  not  re¬ 
quirements  when  the  screening  system  is  used.  The  requirements  in  connection 
with  long-range  detection  too  can  be  greatly  reduced  when,  this  antimissile 
defense  system  is  used. 

Just  how  is  the  battle-capable  screen  set  up?  That  still  is  the  problem. 
Foreign  specialist  now'  believe  that  this  type  of  screen  can  be  set  up  by 
using  maneuvering  satellites  which  should  home  on  the  ballistic  missile,  or 
satellites  carrying  antimissiles,  or  any  other  weapons  capable  of  destroying 
or  neutralizing  the  heads  of  ballistic  missiles.  A.  satellite  screen  can 
obviously  provide  antimissile  defense  on  a  local,  as  well  as  on  a  state, 
or  even  continental  scale.  According  to  rough  estimates,  this  would  require 
the  use  of  several  thousand  satellites  spinning  in  different  orbits  com¬ 
puted  so  that  enemy  ballistic  missiles  would  come  within  range  of  possible 
destruction  by  just  one  satellite. 

Screening  systems  for  antimissile  defense  capable  of  destroying  bal¬ 
listic  missiles  Can  literally  be  set  up  over  all  sections  of  ballistic 
missile  trajectories,  and  this  is  the  great  advantage  of  this  particular 
system. 

17.4.  Detection  of  Ballistic  Missiles  in  Flight 

The  flight  of  a  ballistic  missile  can  be  detected  by  the  energy  radiated 
by  the  flying  missile,  by  the  energy  reflected,  and  by  the  disturbed  environ¬ 
ment  as  it  is  traversed  by  the  flying  ballistic  missile,  or  its  head.  Figure 
17-3  is  a  diagram  that  is  a  visual  explanation  of  the  various  phenomena 
occurring  during  the  flight  of  a  ballistic  missile,  and  which  can  be  used 
for  long-range  detection  of  the  missile  in  flight. 
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Figure  17-3.  Schematic  diagram  of  possible  way s  in  vhieh  to  solve 

the  problem  of  detecting  ballistic  missiles  in  flight, 
a  -  detection  of  a  missile  in  flight-,  b  -  reflection 
of  energy;  c  —  radiation  of  energy;  U  -  disturbarxe 
of  the  environment;  e  —  sound;  f  —  light;  g  —  radio 
waves;  h  -  other  types  of  energy;  i  -  sound;  j  - 
light;  k  -  electromagnetic  oscillations;  1  -  infrared 
rays;  a  -  nuclear  radiations;  n  -  earth’s  magnetic 
field;  o  -  ionization  of  the  air;  p  -  change  in  the 
chemical  composition  of  the  air;  q  -  shock  waves; 
r  -  other  disturbances. 


Foreign  specialists  are  now  giving  intensive  study  to  every  possible 
method,  and  way  to  detect  ballistic  missiles,  but  as  yet  most  of  the  signs 
that  could  be  used  to  detect  a  missile  have  been  so  little  studied  that  as 
a  practical  matter  there  is  no  possible  way  they  can  be  used  in  an  anti¬ 
missile  defense  system. 

Press  reports  say  that  work  is  in  progress  on  experimental  models  of 
equipment  for  detecting  ballistic  missiles  in  flight  that  are  based  on  the 
use  of  such  phenomena  as  the  distortion  of  the  earth's  magnetic  field,  change 
in  the  atmosphere's  parameters,  and  even  the  propagation  of  sound  waves, 
something  that  is  generally  thought  to  be  unsuited  for  this  purpose.  These 
methods  have  been  named,  magnetic,  bar o graphic ,  and  acoustic,  respectively. 

However,  methods  based  on  the  use  of  radic  waves,  light  and  infrared 
radiation  have  found  practical  application  for  detecting  ballistic  missiles 
in  flight  in  the  antimissile  defense  system-  The  latter  two  of  these  methods 
are  considered  to  be  secondary*  methods  because  their  effectiveness  depends 
on  weather  conditions,  and  this  is  a  significant  drawback  as  compared  with 
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the  general ly  known,  and  well  studied  radar  method,  which  has  long  been  used, 
successfully  in  air  defense  systems. 

Thus,  the  current  stage  of  development  of  antimissile  defense  uses 
long-range,  high  resolution  radar  as  tae  primary  means  of  detecting  ballistic 
missiles  in  flight. 

17-5-  Requirements  Imposed  On  Antimissile  Defense  Radar 

The  characteristics  that  establish  the  capabilities  of  combat  utiliza¬ 
tion  of  radar  in  an  antimissile  defense  system  depend  primarily  on  the  specific 
purpose  for  which  the  radar  is  intended  within  the  overall  defense  complex. 

All  radars  in  a  duel  type  antimissile  defense  system  can  be  broken  down  by 
purpose  for  which  intended  into  warning,  early  warning,  tracking,  recogni¬ 
tion,  and  guidance.  This  breakdown  is  explained  by  the  principal  differences 
in  the  characteristics  of  the  radars  used  to  carry  out  concrete  antimissile 
defense  missions,  something  that  will  be  discussed  in  detail  during  con¬ 
sideration  of  one  of  the  versions  of  an  already  developed  American  anti- 
ballistic  defense  system. 

Particular  attention  in  designing  tbe  radar  for  use  in  the  antimissile 
defense  system  is  devoted  to  providing  tbe  answers  to  such  questions  as 
how  to  increase  the  range,  improve  the  accuracy  in  determining  coordinates, 
increase  resolution  and  selection  of  the  ballistic  missile  head  against 
a  background  of  false  targets.  The  following  methods  are  used  in  arriving 
at  successful  answers  to  these  problems  in  the  course  of  developing  radars 
for  use  in  an  antiball istic  defense  system z  increasing  the  sizes  of  the  re¬ 
ceiving  and  transmitting  antennas-,  increasing  the  pulse  and  average  powers; 
reducing  the  noise  in  the  receivers;  modernizing  the  methods  used  to  gather 
and  process  information. 

The  radars  in  the  antimissile  defense  system  use  all  of  the  latest 
achievements  of  radar  engineering,  such  as  molecular  amplifiers,  optimal 
filters,  pulse  compression  methods,  tbe  Doppler  method  of  measuring  speed 
by  the  use  of  the  correlation  technique,  predetection  recording  of  infor¬ 
mation  on  all  target  parameters,  phased  antenna  arrays,  and  the  like. 

Just  what  should  the  maoci mum  radius  of  the  radar  detection  and  track¬ 
ing  range  be  for  radar  used  in  the  artiball istic  defense  system? 

As  bas  already  been  reviewed  (table  17-1)  the  maximum  altitude  of  the 
optimal  trajectory  for  the  long-range  ballistic  missile  is  approximately 
l^OO  to  1400  km.  It  is  a  known  fact  that  conventional  early  Warning  radars 
operate  on  frequencies  in  the  quasi-opticol  portion  of  tbe  spectrum  (about 
100  MHz  and  higher),  and  that  there  must  be  line  of  sight  between  the  target 
and  the  radar  in  order  for  the  radar  to  detect  any  target.  The  formula  at 
(2.1)  can  be  used  to  find  the  line  of  sight  distance,  with  refraction  taken 
into  consideration. 
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Computations  reveal  that  at  altitudes  of  1300  to  l4oo  km  the  head  of 
the  ballistic  missile  can  be  detected  at  a  range  of  approximately  4600  to  5000 
km  from  the  radar.  This  distance  will  be  less  for  oil  points  on  the  descend¬ 
ing  branch  of  the  trajectory.  Hence ,  the  range  of  a  radar  used  in  an  anti¬ 
missile  defense  system  should  be  at  least  4&>G  to  5000  km. 

The  present  da?  level  of  electronic  development  is  such  that  it  is 
possible  zo  build  radars  that  can  detect  small  targets  at  ranges  out  to  5000 
km,  and  in  fact  there  are  radars  in  use  providing  early  warning  of  ballistic 
missiles  with  ranges  of  from  4500  to  5000  km. 

How  much  warning  time  can  an  antimissile  defense  system  expect  in  terms 
of  the  range  at  which  a  ballistic  missile  is  detected? 

The  anrver  can  be  obtained,  by  analyzing  the  ratio  between  warning  time 
and  ballistic  missile  detection  range  (table  17*2)  •  As  will  be  seen  from 
the  table,  in  order  for  an  antimissile  defense  system  to  have  15  minutes 
warning,  which  is,  in  the  opinion  of  foreign  specialist,  the  minimum  time 
needed  to  prepare  the  active  defense,  and  to  carry  out  certain  of  the  measures 
in  use  to  shelter  the  population,  the  system  utilized  by  the  antimissile 
defense  for  detection  purposes  should  positively  detect  a  target  with  a 
small  radar  cross  section  flying  at  6.6  to  7-9  lon/second  at  ranges  of  from 
4500  to  5000  km*  This  is  one  of  the  principal  requirements  imposed  on 
target  detection  and  tracking  radars  in  the  antimissile  defense  system. 

The  maximum  speeds  for  the  automatic  tracking  of  a  target  in  range 

are  (dR/dtJ  ,  ,  and  in  angular  coordinates  (d£/dt)  ,  5  (de/dt) 

max  auto  3  max  auto’  max  auto 

for  the  radar  in  the  antimissile  defense  system  should  be  large  enough  so 
target  tracking  will  be  stable  as  the  target  moves  at  entry  speed  on  any 
course  within  radar  range. 


Table  17-2 

Relationship  between  warning  time  and  range 
at  which  the  ballistic  missile  is  detected 
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Note:  The  computations  in  Table  17-2  are  made  for  a  ballistic 
missile  with  optimal  trajectory. 
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Tbvr  requirements  wixh  respect  to  resolution  and  accuracy  in  establishing 
coordinates  are  high.  Antimissile  defense  radars  usually  find  target  azimuth, 
elevation,  range,  and  speed. 

The  operating  limits  of  a  radar,  in  terms  of  the  angular  data,  that  is, 
the  scan  sector  in  azimuth  and  elevation,  depend  on  the  purpose  for  which 
the  radar  is  intended,  and  on  the  principal  characteristics  of  the  ballistic 
missile.  Radars  in  the  antimissile  de&nse  s/stem  are  sector,  or  circular 
scan  types,  and  the  scan  period  should  be  short  enough  to  preclude  missing 
a  target,  yet  provide  the  most  accurate  attainable  information  on  the  tar¬ 
get’s  position  in  space. 

Any  one  of  these  characteristics  can  become  decisive  in  assessing  the 
combat  features  and  capabilities  of  a  radar,  depending  on  the  purpose  for 
which  it  is  intended  in  the  antimissile  defense  system. 

Ift  view  of  yhe  extreme  complexity  of  the  radars  used  in  antimissile 
defense  systems,  and  in  view  of  the  high  order  of  the  requirements  imposed 
with  respect  to  their  tactical  and  technical  characteristics ,  limitations 
as  to  size  and  weight  are  not  considered  significant.  All  of  the  radars 
in  antimissile  defense  systems  are  usually  installed  in  fixed,  open  or  covered, 
structures. 

17.6.  The  Hole  and  the  Place  of  the  Radar  System  in  the  Overall  Complex 
of  Antimissile  Defense  Facilities _ 

The  antimissile  defense  radar  system  is  the  totality  of  radio  en¬ 
gineering  facilities  dispersed  over  the  terrain  within  the  framework  of  a. 
definite  concept,  and  designed  to  provide  radar  support  for  the  antimissile 
defense's  active  facilities. 

The  components  in  the  antimissile  defense  radar  system  are:  the  radar 
field  for  the  detection  and  recognition  of  air  and  space  targets;  the  auto¬ 
matic  system  for  collecting  and  processing  radar  information;  the  system 
for  reflecting  the  air  and  space  situation,  and  the  system  for  controlling 
the  operation  of  all  the  radars  in  the  antimissile  defense  system. 

All  of  these  components  are  closely  linked,  so  a  breakdown  in  one  can 
result  in  failure  of  the  mission  assigned  the  antimissile  defense  radar 
system. 

The  radar  system  is  one  of  the  important  component  parts  of  the  anti¬ 
missile  defense  complex:.  It  is  this  system  that  must  solve  the  following 
main  problems:  timely  detection  of  air  and  space  targets;  establishment 
of  the  trajectories  of  ballistic  missiles  attacking,  or  simply  flying  over 
the  territory  of  the  country  in  any  azimuthal  direction,  as  well  as  flight 
speed  and  place  of  fall.  All  should  be  solved  successfully  in  a  very  short 
period  of  time  so  the  antimissile  defense  commander  has  the  maTirnnm  time  on 
his  side  to  take  active  defense  measures. 
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17-7-  A  Working  American  Antimissile  Defense  Syszen 

Tho  United  States  mobilized  a  large  army  of  scientists  and  specialists, 
as  veil  as  the  latest  achievements  of  science  and  engineering  to  solve  the 
antimissile  defense  problem*  Moving  into  this  area  are  newer  and  never 
projects-  «t  is  true  that  some  have  quickly  been  consigned  to  the  archives, 
but  there  are  those  that  took  many  years  to  bring  about. 

The  American  antimissile  defense  system  developed  over  the  lost  ten 
years  includes: 

a  passive  defense  system  -  a  ballistic  missile  early  warning 
system  of  the  BMEWS  t>pe; 

an  active  defense  system  -  a  system  for  recognizing  and  destroying 
ballistic  missiles  of  the  “NiM  Zeus’’  and  **Kito  XM  types. 

Oae  entire  process  of  detection,  recognition,  and  destruction  of  a 
ballistic  missile  in  the  workable  /meric. an  antimissile  defense  system 
can  be  seen  from  the  diagram  shown,  in  Figure  17*4. 

17-8*  Ballistic  Missile  Early  Warning  System 

Utilizing  its  geographic  potential,  the  United  Stc.tes  has  built  radar 
stations  for  detecting  ballistic  missiles  at  considerable  distances  from 
its  borders*  The  American  BMEWS  system  has  four  ballistic  missile  early 
warning  stations  (the  first  of  which  is  located  in  Greenland-  the  second 
in  Alaska,  the  third  in  northern  England,  and  the  fourth  on  United  States 
territory,  in  Florida),  an  operations  center  for  control,  and  communication 
systems. 


Figure  17.4.  Schematic  diagram  of  an  operable  American  antimissile 
defense  system. 

1  -  ballistic  missile  in  flight;  2  -  early  warning  radar 
in  the  BMEWS  system;  3  -  target  tracking  radar  in  the 
BMEWS  system^  4  —  ballistic  missile  head;  5  -  detection 
radar  in  the  active  antimissile  defense  system  of  the 
71  Nike  Zeus”  type;-  6  -  target  recognition  radar  in  the 
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"Nike  Zeus”  ey* tom:  7  -  target  tracking  radar  in  the 
"Nike  Zeus"  system;  6  -  "Nike  Zeus"  antimissile  guidance 
radar;  9  ”  "Nike  Zeus"  antimissile;  10  -  point  at  which 
antimissile  and  ballistic  missile  head  meet;  11  -  multi¬ 
purpose  radar  in  the  "Nike  X"  antimissile  defense  systen; 

12  -  launch  radar  in  the  "Nik®  X"  system;  13  -  "Sprint" 
antimissile  in  flight;  l4  -  point  at  which  "Sprint"  anti¬ 
missile  and  ballistic  missile  head  meet  in  the  dense 
layers  of  the  atmosphere* 

The  sectors  covered  hy  the  first  three  of  the  BMEWS  radar  stations  are 
oriented  in  a  northerly  direction,  the  fourth  i r  a  southerly  direction.  Hie 
SMELTS  should  detect  long  and  medium  range  hall  is  tic  missiles  in  the  event 
of  an  attack  on  United*  States  territory  from  the  north,  or  from  the  south w 
at  the  maximum  15  to  17  minutes  prior  to  the  missiles  reaching  their  targets. 
During  this  time  the  combined  antimissile  defense  command  in  the  United 
States  should  take  necessary  measures  for  defensive  and  retaliatory  actions. 


Figure  17.5.  Schematic  diagram  of  one  of  the  first.  BMEVfS  - 
stations. 

1  —  AN/FPS— 5Q  radar  antenna;  2  —  building 
housing  the  AN/FPS-50  radar;  3  -  AX/FPS-49 
radar;  4  -  IBM-7090  computer  (two) ; 

5  -  buildings  housing  shops  and  personnel; 

6  -  concealed  approaches. 

The  structural  arrangement  of  the  first  two  BMEWS  radar  stations  differ 
sharply  from  the  third,  and  particularly  the  fourth  of  the  stations.  The 
first  and  second  stations  have  tvo  radar  systems,  the  third  and  fourth  hut 
one-  The  first  station  has  four  AN/FPS-50  and  three  AN/FPS-49  radars, 
while  the  second  station  has  three  AN/FPS-50  and  tvo  AN/FPS-4$  radars.  The 
third  station  only  has  three  AN/FPS-49  radars,  while  the  fourth  station 
one  multipurpose  radar  with  a  phased  array  <A N/FPS-65) „  The  BMEWS  stations 
have  cotap  Heated  electronic  computers,  automated  systems  for  collecting  data, 
and  special  communication  systems,  in  addition  to  their  radars. 
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first  of  the  BMEU'S  stations  scan  a  150°  arc  in  azimuth,  while  three  antennas 
at  the  second  station  scan  a  110°  sector. 


Figure  17-7-  AK/FES-50  radar  radiation  pattern. 


Figure  17.8-  Block  schematic  of  the  AN/FP5  radar  trans¬ 
mitter. 

a  -  quarts  crystal  oscillator;  b  -  frequency 
multiplier;  c  -  voltage  amplifier;  d  -  power 
amplifier  (klystron);  «  -  to  antenna;  f  -  trig¬ 
ger  pulse;  g  -  modulator. 

The  radar  fixes  target  azimuth  with  respect  to  the  center  of  gravity 
of  the  pulse  packet  reflected  from  the  target  at  the  moment  the  radiation 
pattern  beam  passes  through,  and  fixes  the  elevation  by  the  number  of  the 
beam  the  target  entered.  Doppler  frequency  shift  is  used  to  establish 
target  speed  in  the  direction  of  the  station. 

Special  waveguide  distribution  switches  are  used  to  switch  the 
AX/FPS-5 0  radar  from  the  transmit  mode  to  the  receive  mode. 

The  receiver  is  a  superheterodyne  type  (fig-  17.9)  consisting  of 
a  high-frequency  amplifier,  mixer,  local  oscillator,  intermediate  frequency 
amplifier,  and  Doppler  frequency  analyzer.  All  of  the  Components  in  the 
functional  schematic  are  standard,  with  the  exception  of  the  analyzer.  The 
analyzer  is  a  set  of  low-pass  filters,  the  frequency  curves 
for  which  partially  overlap.  The  analyzer  filters  provide  an  overlap  for 
the  whole  band  of  possible  Doppler  frequencies.  The  maximum  value  of 
signal  amplitude  is  obtained  at  the  output  of  this  filter,  the  resonant 
frequency  of  Which  coincides  with  the  signal  frequency.  All  the  filters 


RA-C15-68 


659 


are  numbered,  and  the  number  of  the  filter  at  the  output  of  which  there  is 
a  maximum  signal  carries  the  information  on  target  radial  speed. 


Figure  1?.9-  Block  schematic  of  the  AN/FPS-50  radar 
receiver. 

a  -  from  antenna;  b  -  high-frequency 
amplifier;  c  -  mixer;  d  -  local  oscil¬ 
lator;  e  -  intermediate  frequency  amp¬ 
lifier;  f  -  Doppler  filters;  g  -  com¬ 
mutating  switch;  h  -  to  information 
removal  system. 
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Figure  17-10.  An  example  type  schematic  of  the  primary 

processing  of  radar  information  at  a  BMEWs 
station. 

a  -  from  commutating  switch;  b  -  threshold 
detector  and  coder;  c  -  range  measurer; 
d  -  correlation  circuits;  e  -  to  output 
switch;  f  -  coded  signal,  N-filter  amplitude; 
g  -  coded  signal,  N-filter  amplitude,  range; 
h  -  coded  signal,  N-filter  amplitude,  azimuth, 
range. 

Receiver  sensitivity  is  =  lO”1^  watt.  The  potential  for  the 

AN/PPS-50  radar  is  db  when  the  noise  figure  is  5  db. 

The  information,  contained  in  the  receiver  signal  is  extracted  from 
it  by  an  automatic  processing  system  which  provides  for  data  removal, 
preliminary  processing,  and  conversion  of  the  continuous  data  into  digital 
data  for  transmission  to  the  station's  electronic  computer.  This  system 
(fig.  17-10)  is  a  complex  of  high-speed  computers  located  between  the 
radar  and  the  station* s  electronic  computer. 

Data  on  range,  speed,  and  target  azimuth  are  recorded  in  a  magnetic 
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block  in  the  ticae  memory  for  purposes  of  verifying  their  correlation  with 
preceding  signals  reflected  from  the  same  target  after  one  scanning  cycle. 

There  is  a  preliminary  sifting  out  of  signals  that  carry  no  information 
on  the  ballistic  targets,  the  result  of  the  correlation,  and  only  data  on 
potentially  dangerous  targets  is  fed  into  the  input  of  the  electronic 
computer  in  the  BMEW5  station*  This  information  is  subjected  to  additional 
correlation  in  the  electronic  computer  xo  filter  out  with  greater  reliability 
those  signals  Carr inp  no  information  on  ballistic  targets.  The  station’s 
electronic  computer  then  uses  the  signals  on  potentially  dangerous  targets 
to  produce  the  commands  for  guidance  to  the  target  for  the  AN/FPS-4S 
tracking  radar. 

The  AX/FPS-4Q  Tracking  Radar 

The  second  of  the  radar  systems  in  the  BMEWS  station  has  AN/FPS— 49 
radars  designed  to  track  targets,  make  an  Accurate  determinat  ion  of  the 
coordinates  of  targets  that  have  been  detected,  make  a  preliminary  iden¬ 
tification,  determine  the  points  of  fall  of  the  heads  of  ballistic  missiles, 
and  provide  target  acquisition  for  the  radar  facilities  for  surveillance  of 
the  active  antimissile  defense  systems.  These  radars  can  also  operate 
in  the  surveillance  mode,  and  can  scan  and  search  for  targets  independently,  as 
is  the  case  at  the  third  EMEVS  station  in  England.  The  AX/FPS-49  radar  is 
a  monopulse  radar  operating  on  two  frequencies, one  in  the  long  wave  portion 
of  t ho  decimeter  band,  and  the  other  in  the  short  wave  portion  of  the  same 
band.  The  frequency  band  width  is  from  30  to  3000  MHz. 

The  radar  has  a  rotating  antenna  with  a  parabolic  reflector  (the  scan¬ 
ning  zone  in  azimuth  is  360*,  the  elevation  90*),  so  either  circular  or 
sector  scan  can  be  used.  The  width  of  the  antenna  radiation  pattern  in 
both  planes  is  about  2°.  Range  is  approximately  4800  km.  The  pulse  power 
of  xhc  kylstror*  transmitter  is  on  the  order  of  10  megawatts.  The  parabolic 
antenna  has  a  diameter  of  25  meters  and  is  installed  under  a  radoce  which 
protects  it  from  the  harmful  effects  of  atmospheric  conditions.  A  special 
hydraulic  system  drives  the  antenna. 

The  AN/FPS-49  uses  optimal  filtration  of  frequency-modulated  radio  fre¬ 
quency  pulses  and  their  compression  in  length,  thus  providing  long  range  and 
good  resolution. 

It  ****  been  reported  that  the  AN/FPS-49  radar  installed  in  the  third  of 
the  stations  has  been  greatly  modernized.  This  radar  operates  on  fre¬ 

quencies  of  425  and  1320  MHz  in  the  monopulse  mode  with  a  repetition  frequency 
on  1500  Hz.  The  pulse  compression  ratio  is  50.  Parametric  amplifiers  are 
used  in  the  receiving  system,  so  signals  with  10  watt  can  be  received. 
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Two  radars  are  used  for  surveillance,  one  for  target  tracking.  Signals 
reflected  by  targets  are  received  by  the  radar  arc  fed  froa  the  receiver  out- 
put  to  th.e  system  that  makes  the  pickup  and  does  the  preliminary  data  proces¬ 
sing,  then  to  the  BMEWS  station's  electronic  computers,  which  establish  tar¬ 
get  trajectories,  compare  them  with  ballistic  missile  trajectories  contained 
in  tbe  computer  memories,  separate  the  dangerous  targets,  determine  the  point 
of  Tall  of  the  heads,  and  the  area  from  which  the  ballistic  missile  was  launched. 

The  All-purpose  AN/FPS-85  Radar 

The  AX/FPS-85  radars  comprise  the  basic  radar  system  for  the  fourth  BXEUS 
station  and  is  designed  for  surveillance,  tracking,  and  recognition  of  bal¬ 
listic  missiles  and  space  vehicles  crossing  the  equator  and  headed  for  the 
United  States.  This  station  is  the  southern  early  warning  system.  The 
A.\‘/F?S-8p  radar  operates  in  the  decimeter  band,  ha$  a  frequency  band  width 
oi  4CO  to  500  MHz,  and  has  a  range  of  some  6,000  lea  (according  to  recent 
data  the  range  can  evidently  be  increased  to  18,500  lan).  The  radar  simul¬ 
taneously  scans  4  6ov  sector  in  azimuth.  For  the  future  the  American  spec¬ 
ialists  plan  on  installing  six  AN/FPS-85  radars  capable  of  scanning  all  of 
the  space  above  the  equator  in  the  fourth  BMEWS  station. 

It  is  reported  that  the  AN/FPS-85  can  detect,  track,  and  recognize  a 
great  many  targets  (over  100 )  all  at  the  same  time. 

The  phased  transmitting  antenna  array  is  square,  measuring  40  x  40 
meters,  the  antenna  array  is  30  meters  high,  and  the  angle  of  inclination  to 
the  horizon  Is  45^.  There  are  3200  electronic  switching  elements  forming 
the  controlled  radiation  pattern,  and  there  are  the  same  number  of  trans¬ 
ceivers.  The  radar's  transmitting  antenna  array  radiates  a  flat  phase  front 
to  form  the  radiation  pattern.  Tbe  beam  of  the  radiation  pattern  in  this 
case  is  normal  to  the  phase  front  and  is  controlled  by  the  introduction  of 
the  corresponding  phase  delay  between  the  elements  in  the  antenna  array, 
so  that  the  phase  front  is  tilted  in  the  desired  direction.  Figure  17.11 
shows  the  schematic  for  beam  control  over  the  azimuth  and  vertical  channels. 

A  delay  line  with  zaps  is  used  to  rotate  the  beam.  Each  tap  corresponds 
to  one  row,  or  column  in.  the  antenna  array.  One  delay  line  is  used  for  beam 
control  in  the.  plane  ’of  the  azimuth,  the  other  for  control  in  “be  vertical 
plane.  In  order  to  turn  the  radiation  pattern  to  the  desired  heading  the 
programs- r*  selects  the  corresponding  frequency,  which  is  produced  by  tbe 
generator  with  the  help  of  the  digital  selector.  The  selected  frequency  is 
mixed  with  the  fixed  frequency  and  tbe  intermediate  frequency  thus  obtained 
is  fed  into  the  delay  line  with  the  takeeffs.  The  signal  from  the  output 
of  each  takeoff  is  once  again  mixed  with  the  selected  frequency  in  order  to 
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obtain  the  initial  frequency,  f^,  and  f^  with  a  phase  shift  that  will  depend 
or.  the  frequency  selected  by  the  digital  selector. 


Figure  17-11-  Schematic  diagram  of  radiation  pattern  beam  control 
for  the  AN/FPS  radar. 

a  -  frequency  generator;  b  -  to  elevaticn  channel; 
c  -  digital  frequency  selector;  d  -  to  elevation 
channel;  e  -  mixer;  f  -  from  elevation  channel ; 

5  -  delay  line  with  taps. 

A  similar  process  is  carried  out  for  each  coordinate  of  beam  control  of 
the  radiation  pattern.  The  receiving  antenna  used  with  the  AN/FPS-85  radar 
has  a  phased  array  in  tho  form  of  a  circle  with  a  diameter  of  5^-5  meters. 
This  radar  can  operate  automatically  and  can  be  controlled  remotely  from  the 
ar.t imissile  defense  command  post.  Upon  command  the  radar  will  switch  frcra 
the  search  mode,  which  -s  optimal  for  ballistic  missile  surveillance,  to  the 
search  mode  for  space  vehicles.  The  radar  automatically  adjusts  output 
power  according  to  whether  it  is  operating  in  the  search  or  the  surveillance 
modes,  and  exercises  constant  control  over  its  parameters,  such  as  phase, 
amplitude,  and  stability  of  operation,  of.  transmitters,  as  well  as  over 
receiver  thermal  noise. 

BMEWS  Electronic  Computers 

IVery  BMEVS  station  has  two  special  electronic  computers  of  the  XBM-7090 
type  in  addition  to  the  radar  already  discussed.  These  computers  operate  in 
parallel  on  real  time  and  monitor  each  other.  The  speed  of  the  computers  is 
such  that  200,000  operations  per  second  can  be  completed  and  the  memory  is 
designed  for  32, 7 6^  10-digit  numbers.  The  tasks  the  computers  can  perform 
were  discussed  above.  Let  us  rev'iew,  briefly,  how  the  computers  operate. 


Ra-015-68 


663 


a Cttcatejea  r^e-rj 
a  iittqxpxazw 


^5  uarmpaAbXpo 
atJvuumme/tbxyiQ 
MC&UHJ 


Figure  17* 12*  Schematic  diagram  of  radar  data  processing 
by  -the  BM3WS  computer, 
a  -  pickoff  and  information  system; 
b  -  output  switch;  c  -  correlation  from 
cycle  to  cycle  (filtration  of  meteorite 
and  polar  light  noise) ;  d  -  recognition 
by  one  beam  (filtration  of  satellites) ; 
e  -  correlation  from  beam  to  beam  (more 
precise  filtration  of  satellites) 3 
£  -  correlation  to  adjacent  beams 
(precise  filtration  of  satellites) ; 
g  -  prediction  of  point  of  fall  (fil¬ 
tration  of  safe  IC3M)  ;  h  -  to  central 
computer. 

Target  data  are  brought  into  the  computers  from  each  of  the  BMSHS 
radars  through  a  special  piclcoff  and  preliminary  processing  system.  The 
computers  made  a  successive  correlation  of  the  signals,  figure  17*12  is 
the  schematic  of  how  radar  data  are  processed  in  an  electronic  computer.  As 
vili  be  seed  from  the  schematic ,  the  first  operation  performed  by  the  com¬ 
puter  is  signal  comparison  over  several  scan  cycles.  This  makes  it  possible 
to  eliminate  from  further  processing  some  of  the  false  signals  produced  by 
polar  lights  and  reflections  from  meteorites.  The  succession  of  operations 
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performed  by  the  computers  envisages  separation  of  ballistic  targets  from 
artificial  satellites  by  checking  speeds,  changes  in  range  and  in  angular 
data,  dynamic  characteristics  of  the  targets  arc  established.  All  of 
these  operations  are  performed  on  the  basis  of  the  information  received 
during  the  period  while  the  target  is  in  one  ox  the  radar  beams.  As  a 
result  of  these  operations,  over  90#  of  the  signals  that  are  not  those 
reflected  from  the  ballistic  missile  are  screened  out.  In  order  to  further 
screen  out  some  of  the  regaining  false  signals  the  station's  computers 
compute  the  value  of  the  coordinates  of  the  assumed  position  of  the  bal¬ 
listic  target  in  the  second  radar  beam  and  compare  them  with  the  measured 
ones,  as  is  shown  in  Figure  17.13.  And  based  on  the  data  obtained  as  the 
target  intersects  all  the  radar  beams,  the  station  computers  establish  the 
trajectory  with  great  accuracy,  as  veil  as  the  probable  launch  area  and  the 
area  in  which  the  z&issile  win  fall. 


Figure  17-13-  Diagram  of  parameter  comparison  in  the  BM2VS 
computer. 

lu,  2u,  3u  -  computed  values  of  the  coordinates 

in  the  upper  beam  in  terms  of  the  lover  beam 
information  (ll,  21,  31);  l'u,  2'u  -  measured 
coordinates  of  upper  beam;  target  3  -  false, 
because  the  upper  beau  cannot  be  confirmed  (there 
is  no  3'u). 

The  final  computer  operation  involves  the  production  of  two  types  of 
coded  messages  concerning  the  targets  for  transmission  to  the  antimissile 
defense  command  and  to  the  Pentagon.  One  message  contains  information  as 
to  the  number  of  threatening  targets,  or  of  the  level  of  the  threat,  while 
the  second  contains  information  on  probable  areas  subject  to  attack,  time  ' 
of  whe  attack.,  and  the  areas  from  which  the  ballistic  missiles  were  launched. 

The  results  of  the  computations  made  by  both  computers  are  fed  to  a 
comparator.  When  the  divergence  in  the  results  are  of  a  magnitude  in  excess 
ol  permissible  limits  a  device  for  automatically  checking  the  computer  is 
cut  in  and  determines  which  of  the  computers  is  in  error,  finds  the  circuitry 
faults,  and  cuts  nut  the  particular  computer.  The  corresponding  computa¬ 
tions  are  shifted  to  the  computer  that  is  functioning,  normally.  It  must 
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be  pointed  out  that  the  system  used  to  automatically  check  the  computer  also 
makes  it  possible  to  simulate  missile  attack  conditions. 

Operation  of  all  BMEWS  station  radars  and  electronic  computers  is 
checked  by  a  simulator  at  least  once  a  day.  In  the  event  a  real  attack 
is  pecked  up  while  the  check  is  being  made  all  the  .stati  on1  s  radars  auto¬ 
matically  shift  to  the  working  search  and  target  acquisition  mode. 

System  Operations  Center 

The  Operations  Center  of  the  ballistic  missile  early  warning  system  is 
in  Colorado  Springs.  Information  from  all  four  of  the  BMEUS  stations  are 
fed  into  it.  The  Center  has  decoders,  electronic  computers,  and  special 
indicators. 

After  the  information  received  from  the  SMEWS  stations  has  been  decoded 
and  mutually  correlated,  it  is  reproduced  on  indicators  and  on  a  special  map 
of  the  world.  The  potential  threat  thus  presented  is  evaluated  and  a  de¬ 
cision  made.  The  Operations  Center  also  has  special  equipment  for  simulating 
the  flight  of  a  ballistic  missile  and  is  used  to  train  personnel. 

The  transmission  of  information  from  all  four  of  the  BM2WS  stations  to 
the  Operations  Center  is  via  special  communication  links  with  very  rigid 
specif ications  with  respect  to  transmission  speed,  accuracy,  and  reliability. 
The  communication  1  inks  from  each  of  the  SMEWS  stations  to  the  Operations 
Center  are  duplicated  and  they  run  in  different  geographic  directions.  A 
wide  variety  of  types  of  communications ,  including  radio  relay,  tropospheric, 
and  cable  (land  lines,  underground  lines,  and  submarine  cables),  are  used 
to  ensure  optimal  operation  conditions.  This  considerably  reproves  re¬ 
liability  in  receiving  information  from  BMEWS  stations. 

The  foreign  press,  in  addition  to  commenting  on  the  advantages  of  the 
EXEWS,  has  also  consented  on  its  drawbacks,  including  vulnerability  of  the 
stations,  the  narrow  sector  of  space  being  monitored,  the  limited  range  of 
direct  visibility,  and  others. 

The  United  States  has  decioed  to  build  an  early  warning  system  con¬ 
sisting  of  radars  operating  on  the  return  angular  inclination  sounding 
principle  [over  the  horizon!  and  of  artificial  reconnaissance  satellites  of 
the  "Midas”  type  equipped  with  special  infrared  equipment  for  detecting 
ballistic  missile  launchings.  This  will  be  in  addition  to  BMEV5. 

17-9.  Early  Warning  Facilities 

The  facts  of  successful  radio  communication  over  vast  distances, 
many  times  in  excess  of  line  of  sight  distance,  have  long  been  laiown.  The 
explanation  is  that  there  are  several  ionized  layers  in  the  oartV  s  upper 
atmosphere  capable  of  reflecting  short  radio  waves. 
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The  earth's  surfac:;,  too,  is  capable  of  reflecting  electromagnetic 
energy,  as  research  has  *ho*n.  Hence  the  earth’s  surface  and  the  ionized 
layers  of  the  atmosphere  fora  a  unique  waveguide*  A  radio  signal  moving 
along  this  waveguide  can  circle  the  earth  and  be  received  by  its  station 
in  weakened  iora  after  repeated  reflections  from  the  earth's  surface  and 
from  the  ionized  layers  of  the  air. 

The  Americans,  using  the  return  angular  inclination  sounding  principle, 
built  radars  designated  TEPEE  and  MADRE.  Figure  17- l4  is  a  schematic 
diagram  of  the  principle  upon  which  these  radars  function.  MADRE  is  an 
improved  version  of  TEPEE,  so  we  will  briefly  review  the  former  of  the  two. 

MADRE,  a  return  angular  inclination  sounding  radar ,  is  designed  to 
detect  ballistic  missile  launchings  from  the  signal  reflected  from  the 
ionized  column  of  exhaust  gases  from  the  rocket  motors,  as  well  as  nuclear 
explosions  at  ranges  up  to  6,000  Jen  (according  to  some  estimates  made  by 
American  specialists,  tbe  detection  range  can  apparently  be  increased  to 
12,000  km). 

The  following  characteristics  of  the  MADRE  radar  are  known.  Its 
range  resolution  is  16  km,  its  angular  resoltuion  is  1-5*-  The  beam  width 
of  the  radiation  pattern  in  the  azimuth  plane  is  6  to  12°,  and  12- to  24° 
in  the  vertical  plane.  The  radiation  pattern  changes  with  the  operating 
frequency  selected.  The  latter  is  20  to  30  MHz.  The  radar  operates  in 
the  short  wave  band,  the  transmitter  pulse  power  if  5  megawatts,,  the  average 
power  is  100  kw,  the  pulse  length  is  100  microseconds,  and  the  repetition 
rate  is  180  Hz. 

In  order  to  ensure  reliable  separation  of  the  true  signed,  against  the 
noise  background,  the  MaDRE  radar  must  illuminate  a  specified  area  for  20 
seconds,  after  which  the  transition  is  made  to  scan  the  next  space. 

The  main  drawbacks  in  return  angular  inclination  sounding  .radar, 
according  to  the  foreign  specialists,  are  the  dependence  of  the  quality 
of  operation  on  ionospheric  perturbations,  the  extremely  poor  accuracy, 
and  resolution,  and  tbe  impossibility  of  tracking  a  ballistic  missile  over 
the  passive  section  of  the  trajectory. 

Despite  these  serious  drawbacks,  the  United  States  is  currently  working 
hard  to  design  better  models  of  these  radars  to  supplement  the  ballistic  mis¬ 
sile  early  warning  system  and  make  it  possible  tO  detect  different  types  of 
missiles  immediately  after  launch.  This  will  result  in  a  greatly  increased 
warning  time. 

The  early  warning  system  based  on  the  MIDAS  artificial  satellite  is 
designed  to  detect  the .  launching  of  ballistic  missiles  anywhere  on  earth 
from  their  infrared  radiation.  This  task  can  be  carried  out  by  several 
thousand  satellites  spinning  in  the  most  diverse  orbits. 
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Figure  17.14.  Schematic  diagram  of  the  operating  principle 
of  the  return- oblique  sounding  radar, 
a  -  TEPEE  radar;  b  -  ionospheric  layer; 
c  -  ionized  tail  of  an  ICBM. 

The  press  reports  that  in  carrying  out  their  MIDAS  program  the  Americans 
ran  into  difficulties,  not  only  of  an  economic  nature,  but  also  because* the 
capabilities  of  present  day  infrared  equipments  and  recognition  systems  arc 
inadequate.  Separating  the  true  signal  from  the  ballistic  missile  out  of 
the  l^acivj round  of  the  different  noises  Caused  by  infrared  radiations  from 
a  variety  of  ground  targets  has  proven  to  be  extraordinarily  complex  and 
is  st ill  an  unresolved  problem.  Hence,  in  1962,  the  MIDAS  launches  were 
stopped  ./.a-d  in  1964,  the  MIDAS  program  was  put  in  the  experimental  cat¬ 
egory-  Vide  ranging  additional  research  along  these  lines  is  underway  at 
the  present  time. 

17-10-  Active  Means  in  the  Antimissile  Defense  System 

The  early  warning  and  long-range  ballistic  missile  detection  systems 
would  provide  the  antimissile  defense  command  with  enough  lead  time  before 
a  missile  attack  to  put  all  of  the  antimissile  defense's  active  systems 
into  action. 

As  &  result  of  many  years  of  tests  Of  individual  models  of  an  active 
antimissile  defense  system,  the  United  States  Department  of  Defense  arrived 
at  c  conception  with  respect  to  the  building  of  two  antimissile  systems, 
an  antimissile  defense  system  for  large  populated  centers  of  the  Nike 
£eu.s  type,  and  an  antimissile  defense  system  for  concealed  Combat  positions 
of  the  Xilte  X  type-  The  combat  utilization  of  the  two  systems  is  conceived 
as  in  echelon;  the  Nike  Zeus  antimissile  defense  system  for  the  interception 
end  destruction  of  targets  at  relatively  long  distances  and  at  relatively 
high  altitudes,  and  the  Nike  X  antimissile  defense  system  for  a  follow-up 
attack  at  targets  that  have  escaped  destruction  a*  lower  altitudes.  The 
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Ancricur.^  pi  or.  ©a  using  the  improved  readiness  antimissile  defense  system 
they  have  already  developed,  the  AliPAT  type,  at  these  same  low  attitudes  in 
case  of  a  mass  ballistic  missile  attack. 

17*11.  The  Nike  Zeus  System 

As  soon  as  the  ballistic  missile  is  picked  up  by  the  SMEWS  and  has 
been  preliminarily  identified,  data  on  it  are  transmitted  not  only  to  The 
antimissile  defense  command  post,  but  also  to  the  early  warning  radar  in 
the  Nike  Zeus  active  antimissile  system,  which  has  not  yet  been  accepted 
as  part  of  the  arsenal,  but  which  is  the  only  ^sten  in  the  United  States  un¬ 
dergoing  complex  range  testing  and  is  the  basis  for  future  antimissile 
defense  mod if ications. 

Figure  17*15  is  a  schematic  of  the  operation  and  composition  of  the 
equipment  for  a  Nike  Zeus  antimissile  system  station*  The  main  equipment 
for  a  system  station  includes  four  radars,  two  specialized  high-speed 
electronic  computers,  two  antimissile  batteries,  and  special  communication 
links. 

The  station's  radars  are  faced  with  the  tasks  of  picking  up  the  target 
already  recognized  by  the  SMEWS  at  ranges  out  to  1500  to  1 6DC  lea,  recogniz¬ 
ing  it,  and  tracking  it  accurately,  as  well  as  controlling  the  flight  of 
the  antimissile3  to  intercept  and  destroy  the  target.  The  Nike  Zeus  anti¬ 
missile  system  station  functions  as  follows  (fig*  17*15). 

Inf oraiation  on  the  approaching  target  is  fed  from  the  surveillance 
radar  to  the  electronic  computers  to  process  the  data.  The  computers  are 
located  in  the  Operations  Center  of  the  Nike  Zeus  station.  The  output 
data  from  the  surveillance  electronic  computer  (4)  is  fed  to  the  target 
recognition  radar  and  to  the  intercept  electronic  computer  (5).  The 
target  parameters  obtained  from  the  surveillance  radar  and  from  the  recog¬ 
nition  radar  are  fed  into  the  intercept  electronic  computer  where  they  are 
compared  with  the  parameters  of  known  ballistic  targets  contained  in  the 
computer's  mcoeory.  If  the  target  proves  to  be  the  head  of  an  enemy  bal¬ 
listic  missile,  data  on  it  are  fed  from  the  intercept  computer  output  to 
the  target  tracking  radar,  and  when  information  is  received  from  this  radar 
an  accurate  computation  of  the  trajectory  being  flown  by  the  ballistic 
missile  head  and  by  the  antimissile,  as  well  as  of  the  'point  of  interception 
for  the  destruction  of  the  recognized  target,  is  made. 

The  data  obtained  free  the  intercept  computer  are  transmitted  to  the 
antimissile  guidance  radar  and  at  a  predetermined  moment  in  time  this 
computer  gives  the  launcher  the  command  to  launch  the  antimissile.  The 
warhead  carried  by  the  antimissile  is  exploded  at  the  computed  point  of 
encounter  by  a  command  transmitted  over  the  radio  link  from  the  ground. 
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It  take*  4  to  5  minutes  from  the  time  the  ballistic  target  is  picked  up 
by  the  Njkc  Zeus  system  to  intercept  it*  The  Nike  Zeus  system  is  completely 
automated* 


Figure  17.15-  Schematic  diagram  of  the  composition  and 

operation  of  the  facilities  in  a  Niki  Zeus 
system  station. 

I  -  ICQM  surveillance  radar ;  2  -  transmitter ; 

3  -  receiver;  4  -  surveillance  electronic 
computer;  5  “  intercept  electronic  computer, 

6  -  recognition  radar;  7  —  target  tracking 
radar;  8  -  antimissile  tracking  radar; 

9  —  antimissile  launch  site;  1C  -  ICEM  head; 

II  -  false  targets;  12  -  antimissile  in 
flight. 

The  Warning  and  Acquisition  Radar 

This  radar  is  an  intermediate  link  between  the  active  defense  center 
and  the  3MEVS  stations.  The  warning  radar  pulses  using  the  pulse  com¬ 
pression  technique*  Radar  range  is  1 600  km,  so  the  Nike  Zeus  can,  by  it¬ 
self,  destroy  ballistic  targets  without  using  the  information  from  the  early 
warning  stations.  This  range  is  the  result  of  high  power  radiation  by  the 
transmitting  system  and  the  use  of  methods  for  obtaining  optimal  reception 
of  reflected  signals.  Radar  pules  power  is  £0  megawatts,  so  separate  trans¬ 
mitting  and  receiving  antennas  are  required.  They  are  set  up  300  meters 
apart  to  decouple  the  radar’s  receiving  and  transmitting  channels. 

Figure  17.16  is  a  block  schematic  of  the  warning  and  acquisition 
radar.  The  transmitting  antenna  consists  pf  three  radiating  arrays,  each 
of  which  is  24  meters  long,  and  almost  4  meters  wide.  They  are  arranged 
to  form  what  is  essentially  an  equilateral  triangle  (fig.  17. l6)  .  The 
formed  beam  of  the  radiation  pattern  is  narrow  in  the  horizontal,  and  wide 
in  the  vertical  plane.  This  makes  it  possible  to  use  the  amplitude  method 


RA-015-68 


$70 


to  aeiw re  the  azimuth-  The  phase  method  is  used  to  measure  the  elevation 
at  the  r^iior. 


Figure  17. 1$.  Block  schematic  of  the  warning  and  acquisition 
radar  in  the  Nike.  Zeus  system. 

1  -  transmit  ting  section*,  2  -  pulse-network, 
modulator;  3  -  super  high  frequency  generator; 

4  -  antenna;  5  -  frequency  modulator; 

6  -  receiving  section;  7  -  tiaer;  8  -  auto¬ 
matic  coordinate  measurer;  9  -  to  defense 
center  computer;  10  -  automatic  warning 
system;  11  —  optimal  filter;  12  -  IF  amp¬ 
lifier;  13  -  mixer;*  14  -  KF  amplifier; 

15  -  antenna. 

The  tx-ansmitting  antenna  is  located  on  the  roof  of  the  building 
housing  the  transmitter.  The  building  is  surrounded  by  a  metallic  grid 
some  20  meters  high.  This  grid  eliminates  reflection.-  from  nearby  objects 
and  assists  in  the  formation  of  the  radiation  pattern.  The  transmitting 
antenna  rotation  rato  is  10  rpm. 

The  receiving  antenna  is  a  L«nbcrg  lens  (fig.  17*17).  It  is  a  solid 
hemisphere,  24  meters  in  diameter,  in  design.  It  consists  of  foam  plastic 
cubes,  the  edges  of  which  are  45  cm  long.  Total  antenna  weight  is  1000 
tons.  The  antenna  is  installed  under  a  radewae  33*5  meters  in  diameter. 


Figure  17.17*  Schematic  diagram  of  the  receiving 

antenna  for  the  warning  and  acquisition 
radar  in  The  Nike  Zeus  system, 
a  -  Lunbcrg  lens;  b  -  feeder  system; 
c  —  to  receiver. 
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The  radar  transmitter  radiates  frequency-modulated  pulsed  oscillations. 

The  generators  of  the  high-frequency  oscillations  are  f  loating-dril  t  power 
klystrons.  The  radar  operates  in  the  decimeter  wave  band  and  the  pulse 
compression  ratio  is  100.  A  special  feature  of  the  radar  is  the  use  of 
high-frequency  eolcculnr  amplifiers  with  optimum  filters.  This  almost  doubles 
the  receiver  & ystea  sensitivity  as  compared  with  conventional  receiver 
systems  used  in  radars. 

The  signal  is  red  from  the  output  of  the  optimum  filters  in  the 
radar receiver  system  to  the  information  system,  which  is  a  set  of 
devices  for  automatically  detecting  and  measuring  coordinates.  The 
devices  will  only  pass  a  signal  when  the  latter  exceeds  some  predetermined, 
assigned  level  establishing  the  probability  of  a  false  alarm.  When  the 
signal  is  passed  through  this  circuit  it  is  fed  to  the  coordinate  measurer 
which  fixes  the  position  of  the  ballistic  missile  in  space  and  converts 
the  position  informal  ion  into  a  form  convenient  for  transmission  to  the 
detection  electronic  computer  in  the  Operations  Center  of  the  Niki  Zeus 
system. 

Target  Recognition  Rndar 

Detection  of  ballistic  missile  and  reliable  tracking  of  them  depends 
on  the  interference  that  will  accompany  the  ballistic  targets  over  the  dif¬ 
ferent  sections  of  the  trajectory,  and  these  can  be  very  different  indeed. 
Figure  17.1  classified,  interferences. 

It  should  be  pointed  out  that  recognition  of  a  target,  once  it  is 
detected,  is  one  of  the  chief  tasks  on  an  antiballlstic  missile  defense 
system.  Target  recognition  is  the  capacity  of  an  antic  rJ-listic  missile 
defense  system  to  classify  individual  objects  in  a  group  of  targets  and 
separate  out  those  that  have  ballistic  missile  characteristics.  All 
targets  thus  separated  should  then  be  considered  as  ballistic  missiles  and 
destroyed  by  the  antiballisxic  missile  active  facilities. 

Figure  17.18  is  the  block  schematic  of  the  target  recognition  radar 
in  the  Nike  Zeus  antimissile  system.  The  radar  comprises  a  transmitter, 
receiver,  and  antenna  system.  The  transmitter  uses  amplitrons  which,  in 
the  10  cm  band,  call  develop  power  on  the  order  of  several  megawatts  with 
80#  efficiency.  The  recognition  radar  has  much  better  resolution,  so  far 
as  angular  data  are  concerned,  than  do  the  existing  detection  and  acquisition 
radars.  The  high  resolution  is  primarily  the  result  of  the  special  antenna 
system  design. 
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Figure  17. IS-  Block  schematic  of  the  target  recognition 
radar  in  the  Nike  Zeus  system, 
a  -  multifrequcncy  transmitter ;  b  -  timer; 
c  -  master  oscillator;  d  -  power  amplifier; 
e  -  multichannel  receiver;  f  -  information 
processing  system. 
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Figure  17-19-  he am  forming  diagram  for  the  target  recognition 
radar  in  the  Nike  Zeus  system, 

1  -  real  exciter^  2  -  parabolic  mirror: 

3  -  hyperbolic  mirror;  4  -  imaginary  exciter. 

The  spherical  waves  radiated  by  the  primary  exciter  strike  the 
hyperbolic  mirror,  which  is  the  secondary  exciter,  and  as  they  are  re¬ 
flected  from  it  form  a  spherical  wave  front,  the  center  of  which  is  at 
the  point  where  the  imaginary  exciter  is  located  (fig.  17.19). 

The  entire  breadth  of  the  radar's  transmitting  antenna  can  be  used 
to  radiate  high  frequency  energy.  The  frequency  is  stepped  up  gradually 
until  the  radar  forms  12  narrow  beams.  This  gives  the  radar  greater  res¬ 
olution  than  when  the  radiation  pattern  is  formed  of  just  one  broad  beam. 
Antennas  such  as  these  have  certain  structural  advantages,  the  most  .important 
of  which  in  the  optimum  amplitude  of  distribution  in  the  aperature,  and  great 
sensitivity  when  measuring  angular  coordinates. 

The  radar  has  equipment  for  rapid  processing  of  incoming  information, 
in  addition  to  the  ba-sic  systems  that  are  direct  components  of  the  radar's 
functional  schematic. 

The  information.’  processing  schematic  is  shown  in  Figure  17-20. 
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Figure  17-20-  Schematic  diagram  of  how  radar  information  is 
processed  by  the  target  recognition  radar  ir. 
the  N ike  Zeus  system. 

a  -  information  processing  system;  b  -  target 
descrimination  by  nature  of  secondary  radiation 5 
C  —  target  descrininacion  by  ballistic  coefficient-; 
d  -  target  descr imitation  by  loss  of  kinetic 
energy* 

Wiien  a  target  is  observed  at  long  range  the  recognition  is  the  result 
of  the  nature  of  the  secondary  radiation*  A  comparison  is  now  made  of  the 
laws  obtained  when  studying  the  reflecting  properties  of  various  bodies. 

The  result  is  preliminary  Information  on  the  number  of. real  and  false 
targets.  This  completes  the  first  stage  of  information  processing.  The 
second  stage  begins  with  the  entry  of  the  ballistic  missile  warhead  into 
the  dense  layers  of  the  atmosphere  (at  altitudes  between  120  to  100  Jot). 

This  is  the  stage  during  which  the  second  and  third  logical  units  in 
the  rapid  processing  equipment  begin  to  function.  The  second  solves  the 
problem  of  recognition  by  analysis  of  the  braking  laws  and  rejects  all  of 
the  obviously  false  targets*  The  unit  continues  to  function  until  the 
ballistic  missile  warhead  is  at  an  altitude  of  approximately  60  Jan*  tfhen. 
this  unit  ceases  operation  the  number  of  targets  subject  to  further  analysis 
has  dropped  sharply. 

The  third  logical  unit  separates  targets  with  the  some  mass  ballistic 
coefficients.  Here  the  laws  of  change  in  reflecting  surface  and  dimensions 
of  the  jet  trail  with  altitude  are  used.  Information  analysis  by  the  third 
logical  unit  should  result  in  complete  separation  of  the  ballistic  missile 
warhead  from  all  false  targets. 

Foreign  specialists  feel  that  the  target  recognition  radar  does  not 
provide  reliable  recognition  of  ballistic  missile  warheads  against  a  back¬ 
ground  of  false  targets  as  experience  has  demonstrated,  and  that  the  re¬ 
liability  imputed  to  it  is  not  justified. 

Target  Tracking  Radar 

Once  the  ballistic  missile  warhead  has  been,  recognised  data  concerning 
it  arc  fed  into  the  target  tracking  radar  in  the  Xike  Zeus  antimissile 
system.  The  target  tracking  radar  is  a  monopulse  type  with  a  pencil-beam 
pattern  and  a  range  01  about  1000  km.  Transmitter  pulse  power  is  20 
megawatts. 

The  transmitter  forms  long  pulses.  Antenna  gain  is  35000.  The  antenna 
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parabolic  with  a  diameter  of  7-6  meters  under  a  special  radome,  thus 
eliminating  wind  loads  on  the  antenna  and  at  the  saae  time  increasing  the 
accuracy  with  which  angular  coordinates  are  measured*  Errors  in  measuring 
the  coordinates  oi  the  tracked  target  are  not  in  excess  of  5  meters  in  ran^e 
and  20r'  in  angular  coordinates. 

The  high  resolution  is  the  result  of  using  the  pulse  compression 
method,  in  which  the  compression  factor  is  100-  • 

Cfr.ce  the  tracking  radar  has  locked  on  there  is  continuous  transmission 
of  coordinates  from  it  to  the  input  of  the  intercept  electronic  computer, 
which  establishes  the  trajectory  over  which  the  target  is  moving,  the  anti¬ 
missile  launch  time,  and  the  point  of  impact. 

The  radar  can  only  track  and  provide  information  to  the  intercept 
computer  cm  ore  target-  This  is  considered  to  be  the  greatest  of  its  drawbacks, 
one  which,  in  the  event  of  mass  attacks,  will  -esult  in  saturation  of  the 
Nike  Zeus  systaa  and  in  failure  to  carry  out  the  combat  mission. 

The  Antimissile  Guidance  Radar 

Data  from  the  intercept  computer  is  fed  to  the  Nike  Zeu*  antimissile 
guidarce  radar  continuously.  When  the  antimissile  is  launched  the  radar 
locks  on  and  guides  the  antimissile  to  the  point  of  impact  and  at  the  proper 
moment  in  time  Issues  the  command  to  explode  the  antimissile f  s  warhead. 

A  dual-beam  guidance  command  system  is  used  to  guide  the  antimissile 
to  the  target.  The  last  stage  of  the  antimissile  has  a  radar  respoeder, 
the  purpose  of  which  is  to  increase  the  antijam  properties  of  the  channel 
monitoring  the  flight  of  the  antimissile.  The  signals  fed  tc  the  receiver 
it-  the  guidance  radar  from  the  responder  are  greatly  in  excess  of  the 
internal  receiver  noise  and  this  results  in  reliable  control  of  the  anti¬ 
missile  flight  over  long  distances  from  the  radar  O00  to  350  km)  - 
Target  Intercept  Electronic  Computer 

The  target  intercept  electronic  computer  is  the  brain  of  the  entire 
Nike  Zeus  antimissiJ  f.  system.  The  computer  makes  it  possible  to  exchange 
information  between  all  radars  and  the  control  point. 

The  high-speed  computer  performs  2000000  operations  in  a  second-  The 
machine  only  needs  2.8  microseconds  to  select  data  from  the  memory  storage. 

Over  90%  °f  the  components  are  standard  electronic  blocks  in  which  semi¬ 
conductors  are  used.  All  of  the  electrical  connections  used  in  the  computer 
are  in  the  form  of  specially  designed  joints  providing  highly  reliable 
contacts.  The  period  of  failure-free  operation  is  600  hours.  All  target 
data  supplied  the  computer  from  the  Nike  Zeus  radars  are  introduced  into 
the  computer  in  coded  form  by  magnetic  tape. 
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1i tirlc*  ;o  the  nodular  desi or.  and  the  use  of  the  built-in  docilities 
for  detecting  faults,  the  monitoring  and  technical  servicing  of  the  inter¬ 
cept  electronic  computer  is  virtually  completely  automated. 

The  Nike  Zeus  Antimissile 

In  cosign,  Nike  Zeus  (fig.  17-21)  is  a  three-stage  missile  with  solid 
fuel  engines.  Missile  length  is  14.7  meters,  launch  weight  is  10  tons, 
naximum  firing  range  is  estimated  at  320  to  350  km,  reaching  an  altitude  of 
150  to  200  km,  and  a  flight  speed  of  wer  Mach  4. 

The  first  and  sec one  states  of  the  antimissile  are  the  launch  boosters 
and  have  powerful  powder  .jet  engines  with  a  thrust  of  200  and  l6o  tons. 


Figure  17*21.  Overall  view  of  the  Nike  Zeus  anti¬ 
missile. 

The  third  stage  of  the  antimissile  consists  of  four  sections.  Ihe 
nose  section  with  the  nuclear  warhead,  the  engine  section,  the  section 
containing  the  hydraulic  drives  for  the  fins,  and  the  after  instrument 
section  with  the  equipment  in  the  control  system  and  the  electrical  supply. 

The  design  of  this  stage  is  based  on  the  appearance  of  the  **weft,?  of 
a  fabric.  A  gas  dynamic  system  is  used  to  control  the  antimissile  because 
maneuvers  take  place  outside  the  atmosphere's  dense  layers.  The  guidance 
jet  engine  con.si.sts  of  a  spherical  coiuUtttion  chamber  and  four  rotatable 
nottxlcs  located  in  the  body  in  front  of  the  fi ns.  The  fin*  arc  tilted  in 
the  required  direction  <»s  the  control  engine  notales  are  tilted  to  create 
the  controlling  forces  and  moments  in  accordance  with  commands  received 
from  the  guidance  radar.  The  direction  of  the  vector  of  forces  acting  on 
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the  ar.ririsslJ  o  is  chongec  thus  causing  the  corresponding  maneuver.  The 
time  at  vnieh  the  command  for  controlling  the  flight  of  the  antimissile  is 

issue*,  twites  the  ziiasilc's  ;r.axumverabil  ity  into  c  ori-si  derail  an. 

The  electronic  equipment  in  the  control  system  is  located  in  the  after 
compartment  of  the  ant  ^cissile'  s  third  stage  and  comprises  the  following 
main  components:  a  receiver- responder;  command  cor.trol  receivers  and  amp¬ 
lifiers;  the  reference  gyro  plate;  synchronizers;  supply  sources;  and  the 
electrical  circuits  connecting  all  the  equipment. 

An  important  feature  of  the  Nike  Zeus  is  that  it  reaches  supersonic 
speed  even  while  in  the  relatively  dense  layers  of  the  atmosphere,  the 
result  of  the  high  acceleration.  This  is  why  the  lines  of  the  anti¬ 
missile  arc  smooth,  and  the  outer  surface  is  covered  with,  a  special 
layer  of  fused  heat -protecting  material. 

The  antimissile  has  an  automatic,  programmed,  self-destruct  system. 

The -signal  to  set  the  self-destructor  is  issued  at  the  fifth  second  after 
launch  and  the  antimissile  remains  in  that  condition  for  11  seconds.  If 
an  emergency  arises  during  that  period  of  time  the  antimissile  self- 
destructs. 

The  Nike  Zeus  antimissile  battery  has  24  stationary  Tinder  ground 
launchers.  The  launch  of  any  particular  ant 5 missile  is  by  command  from  the 
intercept  conprxer,  which  issues  the  launch  command  to  the  battery  at  the 
particular  moment  decided  upon  by  the  situation  in  the  air.  The  anti¬ 
missile  is  launched  from  its  shaft  vertically  and  by  the  time  the  boosters 
have  burned  out  has  reached  a  speed  of  almost  1  Jm/sacond.  The  antimissile's 
warhead  is  detonated  in  the  vicinity  of  the  meeting  point  upon  command  from 
the  guidance  radar. 

Each  installation  in  a  Nike  Zeus  system  has  two  batteries,  controlled 
from  one  control  post.  The  entire  process  of  locking  on  to  the  ballistic 
missile  warhead  by  Nike  Zeus  antmnissilcs  is  completely  automated,  but 
manual  control  of  system  operation  is  available  in  case  of  necessity. 

The  battery  control  post  has  a  special  scope  providing  a  three- 
dimensional  image  of  target  and  antimissile.  This  scope  is  used  for 
constant  visual  monitoring  of  the  progress  of  interception  and  target 
destruc  cion. 

Test  results  have  revealed  that  Nike  Zeus  is  comparatively  inertial 
and  not  maneuverable  enough  to  ensure  interception  of  a  ballistic  target 
at  various  altitudes.  Work  is  in  progress  to  eliminate  these  drawbacks. 
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17.12.  The  Nike  X  tvstca 

The  Mice  X  development  in  the  United  States  began  in  1963,  ^  an 
extension  of  the  progrant  to  create  a  reliable  antimissile  defense  complex. 

Nike  X,  as  an  antimissile  system.  is  designee  to  protect  underground 
communications  stations,  command  posts,  and  underground  battle  stations  of 
ICSMs  against  medium-  and  long-range  ballistic  missiles.  It  is  believed 
that  the  system  can  fight  a  great  many  recognized  ballistic  targets  simul¬ 
taneously. 

Inculded  in  the  Nike  X  system  is  a  control  center  with  a  multifunction 
array  radar  (MAR),  and  high-speed  electronic  computer  complex,  a  missile 
site  radar  (MSP.),  for  launch  purposes,  and  a  battery  of  SPRINT  type  antimis¬ 
siles. 

Nike  X  can  have  less  rigid  specifications  than  can  the  antimissile 
defense  system  for  the  heavily  populated  centers,  the  Nike  Zeus. 

■  This  stems  primarily  from  the  small  area  defended.  Here  the  attacking 
ballistic ’missiles  would  have  to  fly  through  a  narrow  corridor,  the  so- 
called  attack  corridor.  The  American  specialists  are  assuming  that  because 
of  the  narrowness  of  the  attack  corridor  the  problem  of  detecting  the  target 
is  simplified,  and  that  the  interception  of  targets  at  low  altitudes  (15 
to  20  km}  can  simplify  their  recognition  because  false  targets  accompanying 
the  warhead  will  differ  from  the  warhead’s  characteristics  for  entry  into 
the  atmosphere  and  flight  in  the  atmosphere  because  of  the  differences  in 
weights  and  coefficients  of  drag. 

Experiments  conducted  in  the  United  States  have  revealed  that  when 
there  is  a  20 il  ratio  between  the  warhead  mass  and  the  false  target  mass 
the  difference  in  trajectories  is  enough  to  afford ’recognition  of  the  ballistic 
missile  warhead  at  altitudes  of  from  60  to  80  toa.  When  the  ratio  is 
smaller,  recognition  is  not  possible  until  the  altitude  is  in  the  25  to 
40  km  range. 

Moreover,  at  low  altitudes  the  zone  of  probable  target  interception  in 
the  air  space  is  smaller,  and  this  makes  for  increased  fire  power  for  the 
installed  number  of  antimissiles  and  for  more  reliable  target  destruction. 

The  less  rigid  specifications  for  the  Nike  X  system  have  simplified 
it  and  made  it  cheaper  than  the  Nike  Zeus  system . 

The  radioelectron ic  equipment  and  the  SPRINT  antimissile  have  already 
been  developed  for  the  Nike  X  system  and  have  already  been,  or  are  in  the 
process  of,  independent  tests  on  United  States  ranges. 

The  MAR  (Multifunction.  Array  Radar) 

This  radar  is  designed  to  detect,  recognize,  and  track  ballistic  missile 
warheads. 
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The  XAR  nuiin  components  include  the  antenna  with  phased  array,  a  trans¬ 
ceiver,  equipment  for  processing  radar  inf  oraation,  and  radar  control  cquip- 
Eant.  MAR  operates  in  the  centimeter  hand  (from  19-3  t©  7^.9  cc),  and  its 
range  is  some  1200  km.  because  of  the  rapidity  of  electronic  control  of 
th<.  antenna  radiation  pattern  one  beam  will  he  able  to  track  several  tar¬ 
gets,  and  the  possibility  of  forming  several  beams  with  individual  control 
of  each  beam  ensures  that  search  and  tracking  functions  when  a  great 
targets  are  involved  can  be  combined  in  one  radar. 

The  radar  antenna  array  consists  of  several  thousand  elements  about 
half  a  wavelength  apart.  The  sue  of  the  powers  of  the  individual  elements 
in  the  array  results  in  the  obtaining  of  a  high  output  power  from  tha  final 

average  power  amplifiers.  Pulse  power  is  100  megawatts ,  average  power  is 

/ 

10  megawatts. 

Each  element  in  the  antenna  array  is  connected  to  the  phase  controller, 
consisting  of  a  large  number  of  waveguide  sections  that  are  cut  in  by 
switching  diodes,  so  it  is  possible  to  regulate  the  ti»£  of  arrival  of  the 
signal  from  the  transmitter  for  e»ch  of  the  radiating  elements  in  the 
antenna.  This  control  method  reduces  the  level  of  the  KAR  side  lobes  to 
35  db. 

The  phased  antenna  is  not  critically  sensitive  to  failure  of  a  par¬ 
ticular  antenna  element,  and  the  radiated  power  in  practice  is  limited  only 
by  the  total  number  of  active  elements  in  the  antenna,  array.  Direction  of 
radiation  can  be  changed  l8o% 

All  of  the  radar  equipment  (with  the  exception  of  the  flat  screen  of  the 
antenna  array)  is  underground  in  a  concreted  shelter.  According  to  state¬ 
ments  made  by  American  specialists,  the  radar  performs  fide  horizon  scan¬ 
ning  at  elevation  angles  of  1  to  34.  This  is  why,  in  their  opinion,  the 
Nike  X  antimissile  system  should  be  able  to  fight  I  CBM  (including  missiles 
with  low  trajectories),  medium  range  ballistic  missiles,  and  missiles 
launched  from  submarines  and  underwater  launchers. 

The  equipcent  for  processing  the  radar  data  is  such  that  information 
on  azimuth,  elevation,  range,  and  recognition  results  can  be  processed  on, 
a  preliminary  basis,  coded,  and  transmitted  to  the  electronic  computer 
cc»i»li*K  in  thr>  Mike  X  system. 

KJ  i*:  Ironic  Cum|itil«»r  C<kh|>I<*x 

The  electronic  computer  complex  in  the  Niice  X  system  is  under  develop¬ 
ment.  It  i»  designed  for  processing  all  the  radar  information  fed  from  the 
Nike  2c us  end  Kike  X ‘Stations,  for  developing  the  command  to  launch  anti— 
missiles,  and  for  controlling  then  is  flight.  The  complex  speed  should  he 
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such  as  to  handle  6  'billion  operations  a  minute,  and  the  program  input 
frequency  should  be  ICO  >2Iz.  The  complex  vili  use  2 5  processing  devices, 

64  program  accumulation  -units,  64  operant  ac cumulation  units,  and  4  l£- Chan¬ 
nel  units  for  data  input  and  readout.  Complex  memory  capacity  vill  be 
524,263  22-di^it  words  and  vill  provide  nondestructive  information  readout* 
The  operant  memory  too  will  have  a  capacity  of  >24,268  32-digit  '-•oris,  but 
the  readout  will  be  destructive. 

The  unusual  complexity  of  this  future  computer  complex  for  the  hike  X 
system  is  creating  a  very  serious  problem,  that  of  providing  reliable 
operation,  there  as  the  electronic  computers  already  in  use  in  the  American 
ballistic  missile  early  warning  system  are  designed  to  permit  but  one  brief 
error  in  24  hours  of  continuous  operation,  the  electronic  computer  complex 
for  the  Mike  X  system  would  make  1000  errors  in  one  hour  of  operation, 
given  equivalent  parameters.  This  is  why  the  complex  designers  are  looking 
for -different  ways  in  which  to  bring  about  a  sharp  reduction  in  the  number 
of  errors.  A  complicated  system  of  detecting  errors,  for  indications  of 
parameters,  and  for  establishing  the  defect  site  and  element,  is  under 
development.  -Moreover,  programs,  and  particularly  important  data,  will 
be  accumulated  in  several  memories  in  order  to  avoid  their  complete  loss 
in  event  of  damage,  or  breakdown  in  one  block,  and  thus  provide  greater 
complex  ro liability. 

The  specialists  assume  that  as  a  result  of  these  measures  the  break¬ 
down  in  one,  or  in  several  elements,  in  the  complex  will  not  interrupt 
its  operation,  but  will  only  result  in  a  loss  of  speed. 

The  trersndo us  speed  and  reliable  operation  of  the  electronic  computer 
cor^lex  in  the  Nike  X  system  will  ensure  interception  of  ballistic  missile 
warheads  in  the  dense  layers  of  the  atmosphere  by  the  highly  maneuverable 
SPRINT  antimissile  in  a  minimally  short  period  of  tine,  according  to 
-the  American  specialists. 

The  MSR  Launch  Radar 

The  MSR  type  launch  radar  in  the  Nike  X  antimissile  system  is  designed 
to  guide  the  antimissile  to  recognized  ballistic  targets.  The  radar  is 
under  development,  like  the  MAR  and  vill  have  a  phased  antenna  system 
that  will  enable  it  to  simultaneously  guide  a  great  many  active  weapons 
to  intercept,  and  vill  increase  the  effectiveness  with  which  targets  are 
destroyed. 

Independent  test  arc  currently  in  progress  with  the  MSR. 

The  SPRINT  Antimissile 

The  time  remaining  from  the  time  of  recognition  to  the  time  of  inter  cep 
of  the  warheads  of  ballistic  missiles  is  15  to  20  seconds  for  the  Nike  X 
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Figure  17-2^-  Schematic  diagram  of  the  overall 
appearance  of  the  SPRINT  missile. 

antimissile  system,  thus  considerably  increasing  the  requirements  imposed  on 
the  antimissile* 

The  SPRINT  antimissile  (fig-  17-22)  is  a  single-stage  missile  with  a 
maximum  firing  range  of  150  km,  and  an  intercept  height  of  30  to  50  lem-  The 
engine  develops  a  thrust  of  3 CO  ions  and  bums  a  solid,  highly  economical,  two- 
component  fuel.  One  of  the  features  of  the  SPRINT  propulsion  plant  is  the 
shape  of  the  fuel  charge-  It  must  bum  rapidly  and  be  able  to  withstand  the 
the  forces  resulting  from  the  high  initial  accelerations.  It  is  reported 
that  SPRINT  will  accelerate  xo  80  to  100  g  in  2  to  3  seconds,  and  that  it 
has  a  maximum  flying  speed  of  over  3  ko/second. 

SPRINT  weighs  but  6  tons,  thanks  to  tbe  single  stage  and  the  much  simp¬ 
lified  on-board  control  system.  The  antimissile  is  8.2  meters  long,  and  the 
maximum  diameter  of  the  body  is  1.4  meters. 

SPRINT  win  be  stowed  in  shafts  at  battle  stations  and  will  be  launched 
by  compressed  air,  or  gas.  The  cruise  engine  cuts  in  at  some  altitude  jibove 
The  earth's  surface.  Control  of  the  antimissile  is  by  command  from  the  guidance 
system  to  the  aerodynamic  rudders.  The  antimissile  carries  a  thermonuclear 
warhead  -  It  is  reported  that  SPRINT  has  successfully  passed  independent  ‘range 
tests. 

17-13-  The  MvPAT  Type  Improved  Readiness  Antimissile  Defense  System 

The  question  of  protection  against  e  massive  ballistic  missile  strike 
continues  to  disturb  foreign  military  specialists.  The  United  States 
Department  of  Defense  has  contracted  for  the  development  of  the  third  ARP  AT 
type  antimissile  defense  system  designed  to  destroy  ballistic  missile  war¬ 
heads  or.  the  final  section  of  the  trajectory  in  event  of  a  massive  strike  when 
the  Nike  Tens  and  Nike  X  systems  cannot  destroy  all  the  targets. 
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According  "to  the  ARP  AT  project,  the  missile  warheads  will  be 

fired  at  by  so-called  "shrapnel”  antimissiles  weighing  some  2q  to  25  kg, 
launched  with  supersonic  speed  from  a  missile  carrier,  vhec  the  warheads 
enter  the  dense  layers  of  the  atmosphere. 

Plans  call  for  the  installation  of  several  tens  of  these  antimissiles 
on  each  carrier-  The  antimissiles  will  be  spheroidal,  or  elliptical,  in 
shape.  Their  in  flight  range  will  be  10  to  15  km.  They  will  have  an  engine, 
infrared  and  ultraviolet  systems  for  homing,  and  control  jet  nozzles. 

Plans  for  the  combat  use  of  "shrapnel”  antimissiles  as  follows.  The 
missile  carrier  will  be  taken  to  an  altitude  of  from  6  to  30  kxa  in  such  a 
way  that  it  is  somewhat  lower  than  the  targets  and  several  kilometers  away 
from  them.  Carrier  speed  will  now  be  reduced  gradually  by  a  special  braking 
engine  and  when  the  carrier  speed  equals  zero  all  of  the  "shrapnel"  anti¬ 
missiles  will  be  launched  as  a  salvo  against  the  group  of  targets  detected. 

ARP  AT  should  be  highly  reliable  and  should  supplement  the  Nike  Zeus 
and  Nike  X  systems.  This  is  why  there  is  thinking  about  combining  all 
three  antimissile  defense  systems  into  one. 

Naturally,  the  appearance  of  three  types  of  antinissiles  systems  has 
placed  different  assessments  on  their  advantages  and  disadvantages,  and 
these  assessments  have  considered  the  technical,  economic,  and  strategic 
aspects  of  the  ever  all  problem  of  antimissile  defense. 

The  decisive  factors  in  favor  of  building  the  Nike  X  antimissile 
system  ere  considerations  that  are  strategic  in  nature.  The  American 
specialists  feel  that  the  Kike  X  system  wall  be  an  important  "deterrent" 
factor  and  will  make  it  possible  to  create  reliable  and  invulnerable  forces 
for  inflicting  a  "retaliatory"  nuclear  missile  strike.  This  is  why  today 
the  American  militarists  primary  attention  is  devoted  to  the  Kike  X  anti¬ 
missile  system,  although  work  on  improving  the  Kike  Zeus  system  has  not  ceased, 
nor  has  the  development  of  the  ARP  AT  system. 

Recently  available  press  reports  have  made  it  taiovn  that  a  decision  has 
been  made  to  combine  the  Kike  Zeus  and  Kike  X  active  antimissile  systems  into 
one  antimissile  complex  which  would  carry  out  the  missions  assigned  both 
.systems.  It  appears  that  the  combined  system  will  make  full  use  of  the  radio- 
electronic  equipment  in  the  Kike  Zeus  system,  the  SPRINT  antimissile,  with  the 
batteries  of  modernized  Nike  Zeus  antiaissiles  considered  supplementary. 

The  combined  complex  installation  ,  **hich  would,  as  before,  be  called  the 
Nike  X,  would  be  counted  on,  it  appears  to  defend  an  area  of  the  United 
States  encompassing  the  territroy  of  three  to  four  states 

The  most  varied  of  antimissile  defense  projects  and  schemes  are  under 
intensive  study,  but  in  the  opinion  of  the  Americans  themselves,  all  that  has 
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resulted  il'.ui  ilar  is  an  expansion  of  their  own  idea  of  how  extraordinarily 
convex  antimissile  defense  probicss  arc,  while  at  the  sane  tin<*  bringing 
about  eves  more  and  Lore  difficulties  that  American  science  -and  engineering 
arc  in  no  condition  to  cope  with  at  the  present  time- 
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